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ABSTRACT
In recent years, there has been significant growth in the use of unmanned cutting 
systems, which have been used as a means of improving productivity and quality, 
reducing product costs and removing the operator from tedious and potentially 
hazardous environments. Acoustic Emissions (AE) have shown a significant potential 
for adaptive control processes in many manufacturing areas, especially for the 
condition monitoring of the tool and workpiece in cutting operations. Attempts have 
been made to develop some relationship between acoustic emissions and basic cutting 
parameters in turning operations. These models, however, lack accuracy in the 
prediction of AE and hence are unsuitable for determination of suitable cutting process 
parameters and for use in the adaptive control of machining operations. Development 
of these models is very difficult because the cutting process parameters can affect the 
geometry as well as the condition of the tool and workpiece.
The objective of this research is to develop mathematical models for the prediction of 
acoustic emissions with the variation of cutting process parameters, and to study the 
effects of the cutting process parameters on acoustic emissions and cutting forces 
generated in Computer Numerical Controlled (CNC) turning operations.
The mathematical models presenting the interrelationship between the cutting process 
parameters and the AE root mean square (A E m s) voltage were proposed. The effects 
of the cutting process parameters on the AE RMS value were investigated using 
theoretical and empirical mathematical models. An acoustic emission monitor, an 
oscilloscope and a tool dynamometer were employed for studying the in-process 
monitoring of cutting tools. A relationship between cutting process parameters and 
cutting forces was also established to examine the changes in tool condition with the 
variation of cutting process parameters. A realistic seize ratio and computational
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statistical analysis have been employed for improving the accuracy of the developed 
theoretical models.
The cutting tests were performed under realistic cutting conditions with the workpiece 
material of ASTM A106-51T and the CVD Tri-phase coated carbide indexable inserts 
of TPGN 220408. The experimental results were used to verify the validity of the 
theoretical and empirical models. With the help of a standard statistical package 
program (SAS) using an IBM-compatible PC, computational statistical analysis was 
undertaken for developing the regression analysis models of acoustic emissions based 
on the experimental data. A satisfactory agreement between the AERMS values
predicted by the theoretical and empirical mathematical models and those 
experimentally measured has been observed.
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CHAPTER ONE
INTRODUCTION
1.1 MOTIVATION
The fast increasing competition for selling manufactured products on global markets 
has resulted in greater demands on product quality and production costs. The shortage 
of skilled labour, the level of safety requirements and the need for product liability 
together with the increasing demand for metal products, have brought a need for the 
development of an automated cutting process to cope with many of the present 
problems in turning operations. The untended manufacturing operations including 
CNC machining, need to operate at optimum efficiency, necessitating on-line tool 
condition monitoring and improved adaptive control. Sensing the condition of tools 
and recognising when they require changing, is an important aspect of unmanned 
machining operations.
In recent decades, several effective and reliable machining processes have developed 
using modern computerised cutting machines such as computer numeric control 
machines. However, totally adequate process control systems have not been 
developed, due to a lack of intelligent sensors and mathematical models that correlate 
the variation of cutting process parameters, the cutting geometry and the AE ms 
output for the automated cutting process. Researchers have recently recognised the
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effectiveness of acoustic emission (AE), for tool condition monitoring in machining 
operations, but not much effort has been directed towards understanding the 
generation of AE from various sources in those operations.
The development of a mathematical model which can be programmed readily and fed 
to the CNC machine is essential, to make effective use of the automated cutting 
process. It should have a high degree of reliability in predicting the acoustic emission 
signal, which is closely related to cutting variables such as the tool and workpiece 
material, and the product quality determined by the condition of the cutting tool edge. 
Such a model should also be able to apply to a wide range of cutting process 
parameters. The basic cutting process parameters such as feed rate, cutting speed, 
rake angle, flank wear land and cut width are interdependent, so one parameter affects 
the others. The relationships between the cutting process parameters and the generated 
AE RMS voltage are very complex.
A feedback control in the machining operation should be able to work on the basis of a 
practical mathematical model, and therefore the machining operation system should be 
composed of three principal components :
(1 ) transducers which produce a signal for the purpose of detecting or measuring the 
condition of the cutting process,
(2 ) a mathematical process model which analyses the relationship between the cutting 
process parameters and the cutting geometry,
(3 ) computer control of machines and systems which evaluates the sensor data and 
changes the best fit of cutting process parameters as recognised by the 
abnormalities process.
This research mainly concentrates on the study of the generation of AE RMS voltages in
the variation of cutting process parameters during machining operations. The
development of new models and the methodology for the derivation of the equations
Chapter 1 Introduction 3
will play an important role in the improvement of the unmanned cutting system. In the 
recent past several techniques for tool wear detection have been proposed and 
evaluated to optimise cutting processes, from the theoretical mathematical models 
based on physical principles and empirical mathematical models based on experiments. 
None of these approaches however, meets the requirements of an ideal technique. 
Each has its own advantages and limitations. This study presents a review of the 
various sources of AE and then attempts to develop new theoretical and empirical 
models for prediction of AE during two-dimensional cutting operations. The 
developed models have also been verified with the AE generated under realistic cutting 
operations.
1.2 SCOPE OF THE RESEARCH W ORK
In-process sensing systems and adaptive control in automated cutting operations 
which can promptly rectify process abnormalities and failures are highly significant to 
the product quality and in determining the extent of the deterioration of the cutting tool.
The major part of this research work is devoted to developing the analytical and 
empirical mathematical models that correlate the basic cutting process variables and the 
generated AE signal that is proportional to the measured quantity.
To depict a blueprint for advanced metal cutting, the research will be thoroughly 
investigated and improved in the following aspects :
1. The major limitations in irreversible deformation zones (called primary, 
secondary and tertiary deformation zones) are generated as soon as the cutting 
tool engages the workpiece material. The limitations such as tool wear and AE 
signal losses in each cutting zone, are examined for better understanding, and for 
improving the knowledge base of the cutting mechanism.
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2. The concept of a tool condition monitoring method using the acoustic emission 
technique is identified by interrelationships between the condition of the tool in 
each cutting zone, the fundamental cutting process parameters and the variation of 
a e rms voltages.
3. The geometrical and empirical theories are investigated for the development of 
theoretical models. On the basis of these theories, new theoretical mathematical 
models are established for the prediction of acoustic emission signals in 
orthogonal cutting operations. With the help of the computational work, the AE 
signal attenuation constants in each cutting zone which have not been found a 
solution in the previous developed theoretical models are statistically fitted.
4. The advanced empirical mathematical models which study the influence of the 
basic cutting process parameters on the detected AE RMS outputs, are developed 
by experimental results using both fresh tools and worn tools. For determination 
of the most effective cutting process parameter, the effective interactions of each 
cutting process parameter are investigated using multiple regression analysis 
techniques with a standard statistical package program (SAS).
5. New mathematical models are compared to the published theoretical and empirical 
formulae relating cutting process parameters and the AE RMS voltage produced 
during orthogonal cutting operations.
6. The validity of the developed models verified by showing a close agreement in 
comparison of the experimental results and the predicted values calculated using 
the new models.
1.3 SUMMARY OF CONTRIBUTIONS
The approaches to the theoretical and practical work which form part of this thesis, as
listed below, are considered to have had an important bearing on the major results and
conclusions developed:
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1. Development of fundamental mathematical models for prediction of theoretical 
A E rms function value. (Chapter Three)
2. Development of theoretical mathematical models which can predict the AE ms 
voltage level according to the variation of basic cutting process parameters. 
(Chapter Four)
3. Development of the seize ratio model based on the definition of parabolic constant 
and empirical theories, which can predict the ratio of the sticking and sliding 
zones' contact length in the tool-chip interface. (Chapter Four)
4. Estimation of AE signal attenuation values generated in plastic deformation zones 
using the statistical analysis techniques. (Chapter Four)
5. Development of empirical mathematical models for prediction of the AE ms 
voltage level using a detailed experimental study on the effects of interaction of 
cutting process parameters. (Chapter Five)
6. Determination of the best equation in the three types of empirical mathematical 
models developed using multiple regression analysis techniques. (Chapter Five)
1.4 ORGANISATION OF THE THESIS
The thesis begins with a general introduction which discusses the present problems 
and some methods of improvements in machining operations. It is divided into 6 
chapters, each consisting of an introduction and a number of sections. Each of the 
chapters contains a large number of themes.
Chapter One presents the outline of the thesis describing the importance, scope and 
contributions of the current research work.
Chapter Two deals with a comprehensive literature survey relating all aspects of the
basic cutting operation, sensor and sensing methods for control of the cutting process,
acoustic emission techniques and AE models representing the relationship between the
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cutting mechanism and the major sources of AE signal, as well as a review of previous 
studies on theoretical and experimental techniques accomplished by a number of 
researchers.
Chapter Three highlights the application of theoretical and empirical theories for 
development of analytical models which can predict the plastic deformation energy 
converted to acoustic emission energy in orthogonal cutting operations. The 
development of new theoretical models is based on physical principles and 
experimental results, for better understanding the relationships between cutting 
process parameters, cutting geometry and the cutting mechanism.
Chapter Four introduces the analysis of acoustic emission signals using the RMS 
voltage technique and presents the development of theoretical models which are 
derived from the quantitative relationship between the energy rate consumed in various 
cutting zones and the AE ms voltage. The deviation of a realistic seize ratio and 
parabolic constant in the tool-chip interface is constructed for improving the accuracy 
of the developed models. The attenuation values of acoustic emission signals 
generated in various cutting zones are expressed by the results of computational work. 
In addition, experimental results which point out the effects of the variation of basic 
cutting process parameters on the AE RMS voltage will be discussed. The experimental 
results are critically compared with previous researchers' experimental outputs, and 
present the important trends and differences in various outputs which are obtained 
from the experimental tests. The verification of the validity of the developed 
theoretical models is based on the experimental investigations.
Chapter Five is concerned with the experimental procedures and aspects in the 
development of empirical mathematical models. New empirical models such as 
curvilinear, polynomial and linear models are proposed, to be formed by statistically 
fitted constants, which are computed by using multiple regression analysis techniques.
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The effects of interaction between the cutting process parameters and the A E ms 
outputs, is discussed using the results of the polynomial regression analysis 
technique.
Chapter Six summaries the conclusions of the research work and recommends 
directions for further study.
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CHAPTER TWO
LITERATURE SURVEY
2.1 INTRODUCTION
The yearly cost associated with material removal operations in the USA has been 
estimated at about 10 percent of the gross national product [1]. Adaptive control in 
manufacturing processes plays a major role in effecting reduced cost and producing a 
higher product quality. For optimisation of cutting processes, present methods of 
production must be improved, in order to establish radically new production methods. 
However, it is impossible to improve the feedback control in machining operations 
without a basic knowledge of the cutting mechanism and the concepts of automated 
control.
In this chapter, the basic mechanics of the machining process are first discussed so as 
to properly understand the cutting mechanism as it occurres in various cutting zones. 
Variables such as chip ratio, shear angle, shear strain, strain rate, and tool-chip contact 
length are identified, and the study of acoustic emissions, one of the promising 
sensing and adaptive control techniques in the cutting process, is presented. A 
comprehensive literature survey, with the specific topics covering the fundamentals of 
the machining process, sensing and adaptive control for the machining process, and
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acoustic emissions in the machining process, are presented in this chapter. The basic 
definitions and concepts of work carried out and published by many different 
researchers will be reported and critically examined.
2.2 FUNDAMENTALS OF THE MACHINING PROCESS
2.2.1 History o f the Machining Process
Early studies in the field of metal cutting mechanics were made to explain the 
fundamentals of the cutting process by Zovorykin in the nineteenth century [2]. Some 
of this early work has been reviewed and the basic theories by Finnie in 1956 [3] have 
been pointed out. However, active studies for the major mechanics of metal cutting 
which have resulted in present day understanding of the area, were started after the 
work of Piispanen [4], Ernst [5], Merchant [6], Zorev [7] and Shaw [8].
The previous approach has been extensively used in metal cutting fields for 
development of the ability to apply fundamental concepts and the improvement of 
cutting techniques. The wide scope of material removal is still an area of very intense 
and interesting study in that field, together with its relation to other fields of science 
and engineering. The current direction of research in machining processes is in the 
development of predictive machining theories in knowledge base systems and 
condition monitoring techniques for unmanned cutting operations.
2.2.2 Cutting Models o f the Machining Process
The fundamental nature of metal deformation and the geometry of machining need to 
be explained so as to better understand the cutting mechanism. Machining geometry is 
generally divided into two cutting operations : orthogonal (two-dimensional) cutting 
and oblique (three-dimensional) cutting. Figure 2.1 shows the two types of cutting
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models. In research over the past few years, orthogonal cutting models [5-10] have 
been used so that the oblique cutting model may be understood more easily without 
any complication of the three dimensions. Orthogonal cutting is represented as an 
ideal cutting process because it is more useful in improving and understanding the 
basic mechanism of the metal removal process. As can be seen in Figure 2.1, the 
orthogonal geometry that has a single cutting tool edge, is perpendicular to the feed 
direction of the workpiece turning by spindle and parallel to the workpiece surface, 
and the cutting force is in the same direction as the cutting velocity. The oblique 
cutting model [11-14], which typifies the most common cutting method being 
employed in industry, is a real cutting process since it can alter the chip flow direction 
from cutting zones according to the extent of the inclined angle.
Figure 2.1 Comparison of oblique and orthogonal machining geometry 
(a) oblique cutting (b) orthogonal cutting
2.2.3 Plastic Deformation in Metal Cutting Zones
Plastic deformation in the workpiece material is due to the slip and twining
mechanisms on the grain boundaries in micro-areas with high stress around the
plasticity limit of the metal structure [15]. It results from the movement of vacancies
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and dislocations in the metal structure and the heat generated by the friction between 
the cutting tool edge and the workpiece material, or between the tool-flank and the 
workpiece surface being machined. Dislocation occurs by the action of tensile stress 
and causes the growth of a crack in the workpiece material [16]. As shown in Figure 
2.2, all plastic deformations in the radial compression area are first produced by elastic 
compressions, which occur at a distance fairly remote from the cutting tool edge. 
After that, they are changed into plastic compressions by the cutting forces as the 
workpiece material approaches the cutting edge of the tool [17]. The elastic and plastic 
deformation boundaries of all workpiece materials are absolutely related to the inherent 
material hardness of the workpiece.
During the metal removal process, localised plastic deformation between the work 
material and the cutting tool edge is typically composed of three basic deformation 
zones : primary, secondary and tertiary. Without exception, each deformation zone 
begins with chip formation, the deformation zone depending largely on the property of 
workpiece material being machined, and the cutting process parameters being used.
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The nature of the primary deformation zone, called shear deformation zone or shear 
plane, is closely related to the situation in which it occurs as a result of the fracture of 
the workpiece material, when the workpiece material is compressed by the cutting tool 
edge. The chip formation is especially affected by shear direction and shear stress. 
These have an effect on heating and straining of the material and the chip, both of 
which inevitably result from dislocation of the metal structure [18].
The secondary deformation zone, is separated into two deformation regions, in terms 
of the sticking and sliding of the chip against the cutting tool as the chip passes over 
the tool rake face [19]. While the chip moves along the tool face from the cutting tool 
edge to the point at which the chip leaves the tool face, sticking and sliding between 
the chip and the tool face become one of the major sources of crater wear. The 
influence of cutting temperature generated in the sticking and sliding zones accelerates 
the wear of tool flank by heat transformation in the tool flank and workpiece interface 
[20].
The tertiary deformation zone, known as the tool flank and workpiece surface 
interface, is defined by the rubbing action between the tool flank and the surface of the 
workpiece. Sliding friction between the two contact faces weakens the cutting tool 
edge, causing deterioration of the workpiece surfaces [21], and increasing the cutting 
forces and cutting temperatures [22]. The measurement of wear land on tool flank is 
of great concern since the tool life is determined by the amount of flank wear.
2,2.4 Important Variables in the Machining Process
Various factors influencing the machining process are generally classified into two 
groups: -
(1) independent input variables such as cutting process parameters, tool and 
workpiece material and their condition, tool geometry (ie, rake angle, clearance
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angle, nose radius, and its surface characteristics), cutting parameters (ie, feed 
rate or depth of cut, cutting speed, and width of cut), workpiece temperature, 
cutting fluid and the characteristics of the machine tool (ie, stiffness, power and 
damping),
(2) dependent output variables such as the shear plane angle, cutting forces, 
stresses, energy dissipated in the cutting process, natural tool-chip contact length, 
tool temperature rise, wear of the tool, the surface finish and surface texture, tool 
life, chip formation and tool stability. The establishment of quantitative 
relationships between all the independent input and dependent output variables is 
an important requirement for complete analysis of the cutting operation.
The most important factors in metal cutting relative to the development of mathematical 
models for the condition monitoring of the cutting process, are the shear strain rate 
[23], the shear angle created on the shear plane and the tool-chip contact length 
generated with chip formation in the tool-chip interface [24]. The importance and 
effect of the shear strain rate, shear plane angle and tool-chip contact length have been 
proven through the analysis of the developed theoretical equations and practical cutting 
tests.
A survey of the metal cutting literature investigates the several equations published on 
the shear strain and strain rate, chip-thickness ratio, shear plane angle and tool-chip 
contact length, these being determined under the reasonable assumptions associated 
with metal deformation zones. Additionaly, the determined equations have been 
applied to the development of theoretical models, due to the current lack of a suitable 
and reliable theoretical approach in order to optimise the automated cutting operation.
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2.2.5 Chip-Thickness Ratio in Cutting Zones
The chip-thickness ratio ( r) is basically determined by the undeformed chip thickness 
( t ) and deformed chip thickness (tc). The definition of the chip thickness ratio is
based on a number of assumptions, including th a t: -
• the shear process is a plane.
• the cutting edge is perfectly sharp and straight.
• there is friction between the tool flank and the workpiece surface due to the 
assumption that the deformed chips have no side flow, (namely, b = bc).
• the cutting velocity and depth of cut are constant.
• a continuous chip is produced without built-up edge.
On the assumption that the dislocation density (p ) of workpiece material does not 
change while the metal is removed, the volume of the unit area and the chip thickness 
ratio can be defined from the relationship between the volume of the chip and the 
volume of the workpiece [5,6] :
r = ~ ~ ~ f  = T~ = ~77 (from p  = p c, viz. btl = bctclc) (2.1)
tc l bc V
However, to measure a deformed chip thickness is actually difficult because of the 
roughness on the back surface of the chip. Derivation of theoretical equations for the 
realistic chip thickness plays a valuable role in prediction of the chip thickness ratio 
which can affect the shear angle in the shear zone. The equation of chip thickness 
which can be employed in the three-dimensional cutting operation has been proposed, 
using the relationships of the feed rate, depth of cut, cutting edge angle and nose 
radius of the cutting tool by T. Hodgson [25].
tc = fd{sin <p[d-r„( 1 -  cos<p)] + (2.2)
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The formula for prediction of chip thickness in two-dimensional cutting operations 
was constructed in this research work using the relationships between the deformed 
chip thickness and the basic input parameters such as feed rate, rake angle and cutting 
speed. As described later in chapter 5, a detailed derivation method of the chip 
thickness equation for the orthogonal cutting can be expressed using the regression 
analysis technique as follows :
tc = 140/°'7776(90 + cO^-6612 y^-2506 (2.3)
From the relationship between the geometry of the cutting tool and deformed chip 
thickness, the ratio of chip thickness could be expressed as a function of a shear angle 
and a rake angle, as formula (2.4) derived using the mechanism in Figure 2.3 [5,6].
t ABsinô  .. ..r -  — - ------------- —  (2.4)
tc AZ? cos(0 -  a)
Figure 2.3 Relationship between chip thickness ratio( r) and shear angle( 0)
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De Chiffre [26], who developed the chip thickness ratio formula, considered the 
influence of the crater wear in the tool-chip interface by the effect of the controlled chip 
contact length and rake angle.
t -I
r = — = (1 + lcn cos a) 2 (2.5)
K
2.2.6 Shear Strain and Strain Rate
The amount of plastic deformation in the shear deformation zone is depicted as a card 
model in Figure 2.4, and the chip which undergoes the shear strain ( y) is closely 
related to the shear angle and rake angle [4-6].
Figure 2.4 Formation of shear strain.
(a) General shear strain, (b) Shear strain in cutting.
Chapter 2 Literature Survey 17
The measurement of a large plastic deformation in a shear plane is estimated from the 
shear strain which is directly formed as soon as the cutting tool edge approaches the 
workpiece material. As shown in Figure 2.4 (b), the geometry of the shear strain is 
defined from the sum and difference equations of the sine and cosine function as given 
by:
7 =
AS
Ay
AD DB' 
CD + CD
= tan(0 -  a) + cot(f) cos a
sin</>cos(0 -  a)
(2 .6)
The relationship between the strain rate and three velocity vectors which takes place 
during the metal removal process is predicted from the principles of kinematics as 
presented in Figure 2.5. The chip velocity ( Vc) and the shear velocity (Vs) can be
expressed by substituting the chip thickness ratio and the cutting velocity, respectively
[5,6].
— sm 0—  
cos(</> -  a)
(2.7)
T7 cosa  T7 .
Vs = --------------V = y sin 0F
cos(</> -  a )
(2 .8)
v
Figure 2.5 Relationship of velocities and angles in the shear zone and tool-chip 
interface.
The rate of shear strain ( 7) in cutting, can be extended by three types of parameters, 
7 = y/(Ay,AS,AT) : the deformed distance ( AS) of the workpiece material along the
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shear plane per the elapsed time( AT) and the thickness( Ay) of a slip plane in the shear
zone. The shear strain rate is defined as a function of cutting speed and the thickness 
of shear layer, y= y/(V ,A y)  [27].
_  AA _J_ _ Vs cos a  V 
Ay AT Ay c o s (0 - a )  Ay
(2.9)
As in the experiment of Kececioglu [28], the reasonable mean value for Ay generally 
takes the range of 0.0025 mm< Ay <0.025 mm for carbon steel.
Turkovich [29] presented that the rate of the shear strain was as a function of the 
dislocation rate generated by the alteration rate of the dislocation density of workpiece 
material.
r = p A L (2 .10)
Cottrel [15], also described the average strain rate as a function of the dislocation 
density, magnitude of the bugers vector and the average dislocation velocity.
ym= p A v«j (2 -12)
As briefly discussed for the strain and the strain rate, among the developed formulae, 
the most useful and simplified equations are the equations of (2.6) and (2.9) analysed 
using the fundamental theory of the metal structure deformation .
2.2.7 Shear Plane and Shear Plane Angle
Piispanen [4] proposed a shear plane model describing the shearing process as a deck
of cards, using a graphical analysis for shear plane angle ( 0) and shear strain ( y).
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However, this early work did not consider a theoretical expression. Many solutions 
for shear plane angle in orthogonal cutting operations were expanded later by 
Merchant, and Lee and Shaffer. The concept of the derived equations was employed 
in the quantitative analysis of the cutting forces and shear stress on the shear plane.
The formula developed by Merchant [6] derived from the relationships between the 
resultant force on the shear plane(Rs), the friction angle (/?) and rake angle (a ). Lee
and Shaffer [30] expressed a derivation using the relationships between a direction of 
maximum shear stress, the friction angle, the angle of the built-up edge size (0 )  and 
rake angle. H ticks [31] also extended a derivation using the influence of the normal 
stress on the shear plane as in similar work done by Merchant, and Lee and Shaffer. 
On the other hand, Stabler [32] presented an analysis for shear plane angle in oblique 
cutting operations, on the assumption that the maximum shear stress on the shear 
plane and the resultant shear strain were collinear. Oxley in 1962 [33] critically 
reviewed some of the assumptions made for the development of equations (2.20), and 
expressed a new model for calculating the shear plane angle by considering the angle 
of inclination of resultant cutting force to the shear plane ((p).
Several equations concerned with the shear plane angle available in two-dimensional 
[5, 6, 30-31, 33-37] and three-dimensional cutting operations [32, 38, 39], have been 
developed with many assumptions as listed in table 2.1. Those equations were 
expressed by two types of models taking into account the effect of built-up 
edge(BUE), and without considering BUE. The shear plane angle, one of the most 
important and persistent problems in the metal cutting, appeared as a function of the 
rake angle and the friction angle ; so, (¡> = y/(a,l5) when a dimensional analysis is 
performed using the quantitative relationship. However, equations (2.14) (2.16) 
(2.18) and (2.21) include the effect of BUE or normal and shear stress generated on 
the shear plane, which were not included in the dimensional analysis.
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Table 2.1 Developed model for shear angle.
Researcher Developed Model Year N o Remarks
Ernst and 
Merchant [5]
a 7t B a(p = ---- —+ —
2 2 2
1941 2.13 0 = y (a ,P )
Merchant [6] . Cm P a
2 2 2
, _i rcosa(p = tan 1------------
1 -  rsina
1945 2.14 Cm = C o f'k , BUE
1945 2.15 0 =  y/(a,r)
Lee and Shaffer 
[30]
(p ~ ~ + 0 -¡5  + a 1951 2.16 No BUE when 0 = 0
Hwcks [34] -o
- ii 1 ^
 
i
to
 |„
0 
+ £ 1951 2.17 Ct = tan"12 ¡1
C C
(p = ^ - ^ -  + oc 
2 2
1951 2.18 cm = Cot~'k, BUE
Stabler [35] . 7T q OC<P = ---- P + —
2 H 2
1951 2.19 Ct = tan“12 fx
Oxley [36] (p = cp -  P + a 1962 2.20 y  = (a,p,(p)
Sata [34] p = 6 -  p  + a 1963 2.21 (p = y/(cc,p,d),BUE
Boothroyd [35] (p = (po + ed 1970 2.22 0.75<e<l
Mittal and 
Juneja [36]
^  1 cos (p = -  tan a  + —
cos
1 ( /d cos a  sin 2/3 
i -I-
1982 2.23 used controlled 
contact length (hi)
|_ isin2(0 + /3 -  a )]
Robert [37] <p = 0.048V +15.738 
(p = 28.56i + 14.93
1987 2.24­
2.25
oc = +6
Albrecht [38] (p = ^-(tt + a  -  tq) + tan-1 
f % -1  \ n  1 , .1]
\% + l L4 2'  e'JJ
1987 2.26 Oblique cutting
Lin [39] 0 = + tan-1
dy
1991 2.27 Oblique cutting
Lee and Shaffer [30] and Oxley [33] presented a slip line field (SLF) solution, 
including the strain hardening and variation of shear stress on the tool rake face. Sata 
[34] derived a shear plane angle equation using the relationships between resultant 
forces, the ratio of tool-chip contact length versus the undeformed chip thickness, and
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rake angle. Oxley [33] and Mittal and Juneja [36] also presented a SLF solution based 
on the effect of stress distribution, using tools of controlled contact length. Since 
1970, empirical equations [35, 37] based on the experimental data have been 
developed in the shear plane angle, but these were limited to apply to all cutting tool 
and workpiece materials with the variation of cutting process parameters.
Rowe and Spick [40] and De Chiffre [26] suggested a simple upper bound approach 
using the dependent out variables, such as the distribution of stresses and the chip- 
thickness ratio related to the controlled contact length, instead of using the friction 
angle.
None of these analytical and empirical models are still found to be really satisfactory 
when the various equations are tested against a wide range of experimental data [1]. 
Much research preceded development of the shear angle formula, and some equations 
resulted from the assumption of uncertain hypothesis in their development. 
Subsequently, among the developed or modified mathematical models, for the most 
conveniently solved in prediction of a shear angle without any complicated 
assumptions, a formula 2.15 was arrived at. This took into account the chip-thickness 
ratio obtained by measuring the deformed chip thickness. From the equation 2.15, it 
can be predicted that the shear plane angle increases with the increasing chip-thickness 
ratio when the rake angle remains constant.
2.2.8 Investigation o f Tool-Chip Contact Length
2.2.8.1 Influences o f Tool-Chip Contact Length in Machining Process
The role of tool-chip contact length in the cutting process is quite important in various
aspects of machining processes, because the natural tool-chip contact length is not
only affected by a great number of cutting parameters, but also it affects some
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dependent output parameters generated during the machining. The effective and 
controlled tool-chip contact length can reduce the maximum crater wear on the tool 
rake face [41], which results from the chip thickness, size and shape. These can be 
changed according to the variation of cutting process parameters and the geometry of 
the cutting tool. Furthermore, both residual stresses and plastic strains decrease and 
the quality of the machined surface improves with tools having controlled tool-chip 
contact lengths [42].
Prediction of the tool-chip contact length is capable of improving the tool-life and 
product quality when the interrelationships of the correlated variables are taken into 
consideration. These variables include cutting forces, stress distributions, chip 
thickness and formation, tool geometry and cutting process parameters. A large 
number of models and theories derived for prediction of the contact length are 
reviewed and estimated. The theoretically unpredictable and limited accuracy of the 
models developed in the tool-chip contact length can be a major problem in the 
automated cutting process and in achieving the desired cutting productivity. 
Determination of the most adequate equation of the contact length estimation has a 
strong influence on the analysis of the experimental and theoretical data in the present 
research.
2.2.8.2 Developed Models for Prediction of Tool-Chip Contact Length
In the past decade, many of the theoretical solutions for the contact length in 
orthogonal cutting operations have been made to predict a comprehensive database for 
the quantitative analysis of machining performance. These developed models were 
based on the geometry of the shear plane model which was initially proposed by Ernst 
and Merchant [5, 6].
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Hahn in 1953 [43], derived a analytical equation from the relationships of the 
uniformly-distributed shear and normal stress on the shear plane and tool rake face, 
respectively. It was based on the fundamental mechanics of cutting operations 
proposed by Merchant.
l = t s m ( 0 + P - a )  (228)
sin0cosj3
Klushin [44] has applied the resultant forces equilibrium in which the resultant force 
(Rs) in the shear plane is equal to the resultant force ( / y  on the rake face of the tool,
but has not considered rotational equilibrium. This model has also assumed that the 
normal stress on the shear plane and tool rake face is uniformly distributed, and it is 
dependent on the deformed chip thickness. The model was derived from the constant 
of proportionality ( m ) to define the offset value between the measured contact length 
and the predicted contacted length, and the range of m was as 1 < m < 2.
l = m
t cos/?
sin</>cos(0 + /? -  a)
(2.29)
Oxley [45] investigated the equilibrium of the shear stress in the shear plane and the 
normal stress on the rake face using the Mohr's stress diagram, and assumed that the 
shear and normal stress distributions on the rake face are to be constant.
/ =
tsm p
sin^cos(0 + P -  a)cos2(0 -  a)
(2.30)
Rubenstein [46] has presented a deviation based on Hahn's formula, but has 
considered that the deformed chip is in linear and rotational force equilibrium. The 
application of the deformed chip equilibrium also derived from the constant of 
proportionality (m). This application between the normal stress distributions on the 
rake face and the contact length was proposed in three particular cases :
Chapter 2 Literature Survey 24
(1) uniform
(2) triangular
(3) exponential
The theoretically predicted value of the proportionality constant was fitted by 
comparing of the measured value and theoretical value calculated, using experimental 
data such as the measured value of the cutting force, tangential force and chip 
thickness. The estimated values for m were 1.5 to 2.6, with mostly around 2 for 
carbon steel.
, tsin(ó + B -  a )l = m --------— ———
sin (j) cos p
(2.31)
Zorev [47] has also obtained an expression for the contact length on the basis of the 
rotational force equilibrium of the deformed chip using the action of moment arms 
about a point on the cutting edge. The theoretically developed equation also took into 
account the ratio ( m ) of the moment arms for the normal force on the shear plane and 
rake face, and the value of m was experimentally estimated around 4.
1 = mi[tan ft + tan( (¡)-a )]~  mt tan ft (2.32)
So far, the briefly explained theoretical approaches as above, have taken into 
consideration a specific normal stress distribution for the shear plane and tool rake face 
based on the relationship of the deformation geometry and chip equilibrium, such as 
major process parameters (depth of cut, shear angle, rake angle and friction angle). 
However, Abuladze in 1982 [48], established a simplified equation which only 
included the depth of cut, rake angle and shear angle, without considering the friction 
angle. This model analysed the geometry of plastic deformation zones and the shear 
stress field in the deformed chip generated during cutting operations.
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/ = ¿[cos a(cot 0 +1) -  sin a(cot (j) - 1)] (2.33)
Gad in 1992 [49], empirically developed a new model for the contact length using the 
statistical curve fitting technique. In the study, the accuracy of the empirical equation 
derived from the quantitative relationship between the basic cutting process parameters 
and the contact length, was estimated by comparing the assessment of the various 
models, and emphasised the importance of fundamental cutting parameters such as 
depth of cut (feed rate in orthogonal cutting), rake angle and cutting speed.
/ = 9.980/°674 (90 + a y ' 10 V 0'353 (2.34)
Through the survey of the tool-chip contact length literature, it was noted that the 
values of the tool-chip contact length predicted using the various formulae developed 
do not completely satisfy the agreement for all material combinations [49]. This 
agreement can be found from the measurement of realistic cutting tests using different 
workpiece and tool materials.
2.3 SENSING AND ADAPTIVE CONTROL FOR MACHINING 
PROCESS
2.3,1 Sensing fo r  Machining Process
The role of the sensors has become more important with an increasing demand for 
automated cutting systems, since sensors have been employed widely in industrial and 
engineering areas. Poor quality in cutting production becomes apparent in 
dimensional and surface roughness when the cutting process parameters are not 
controlled [50]. Sensors employed in automated cutting processes must detect the 
variations of the tool wear and tool failure, and produce an output that is in some way
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related to the change being detected. Complete cutting requires the qualities of 
dimensional accuracy, surface finish, and an undamaged workpiece and tool.
The requirements of cutting senors are that they should be universal, durable, reliable, 
compact, non-wearing and maintenance-free. However, cutting sensors that satisfy all 
of these demands are not available yet, because each sensor has limitations either in its 
design or in machining applications. For this reason, some cutting tests may result in 
the need for use of multi-sensors in automated cutting operations [23, 51].
2.3.2 Classification o f Sensing Methods and Sensors
Since tool wear or tool failure affects the behaviour of cutting operations, a sensor can 
detect the signal that converts one type of physical energy into another type of 
electrical energy, either directly from the tool or the workpiece or from the process 
machine through the way of continuous or intermittent cutting operations [52]. The 
sensor will provide the information for control of cutting operations, and employ 
various techniques to control cutting processes. Sensing methods for adaptive control 
technologies can be divided into two types of measurements with or without contact:
(1) direct measurement methods which evaluate the volumetric loss of the cutting tool 
such as crater wear, flank wear land or both together,
(2) and indirect measurement methods which examine the correlations between the 
tool wear or failure and the cutting process parameters.
The measurement of the direct sensing method is the most common and reliable 
method. However, it is limited to interrupted cutting in which the cutting tool is 
observed directly using particular optical methods. In all, the direct sensing method 
has an influence on the economic loss of the operation, when the machine is stopped.
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On the other hand, indirect sensing methods are commonly used to estimate the 
condition of the tool from the signals detected for the continuous cutting or, for most 
of the interrupted cutting.
The sensing methods and sensors developed and classified by several researchers for 
the on-line tool condition monitoring process, are listed in Table 2.2 (a) and (b).
Table 2.2 Classification of sensing methods and sensors for tool wear estimations, 
(a) Direct measurement
Mothods Application Measurement Sensors
Optical Shape or existence of Fibre optic [54],
Direct Electrical resistance
cutting tool edge 
Reduction of electrical
TV camera [55] 
Voltmeter [56-57]
sensing
Radioactive particle
resistance in tool/work 
junction
Volumetric loss of the tool Radioactive[58-60]
The indirect sensing methods have many advantages in sensing signals, but those 
signals are affected by other factors that reduce the reliability of tool condition 
monitoring [53]. Some of these other factors are :
(1) the indirect measurement sensors such as the AE sensor and the force transducers 
of strain gauge or semi-conductor type are restricted from the location of the sensor,
(2) the vibration and sound measurement methods are much affected by external 
noises from the ambient or the adjacent machines.
Reliable and effective sensing technologies must be developed to guarantee the 
reliability of the system and the quality of the products.
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(b) Indirect measurement.
Mothods Application Measurement Sensors
Workpiece dimension Changes of workpiece size Laser beam[61-62] 
Electromagnetic[63]
Difference of distance Variations of the distance 
between the tool post and 
the workpiece
Micrometer [64] 
Ultrasonic [65] 
Pneumatic [66] 
Displacement [67]
Indirect
Cutting force or torque Variations, increments and 
differences of cutting force 
or torque
Tool Dynamometer 
[68-71]
sensing Vibration Vibration levels of tool or 
tool post
Piezoelectric 
sensor[72-73]
Ultrasonic Changes of acoustic waves Microphone [74]
Surface roughness variations in surface 
roughness of workpiece
Optical fibre [75] 
Laser beam [76] 
Electric micrometer 
[77],Ultrasonic[78]
Cutting temperature Variations of temperature 
on the cutting tool edge
Thermocouple [79] 
Infrared [80-81]
Electrical power Variations of the electrical 
power consumption
Current meter, 
Watt meter [82]
Acoustic emission Variations of the level of 
acoustic emission signals
AE sensor [83-85]
2.3.3 Adaptive Control
The main contribution of adaptive control, defined as automatic on-line adjustment of 
process parameters in manufacturing operations, is to obtain high efficiency, high 
quality, high productivity, minimal cost, and to result in a need for fewer and less 
skilled machinists. A large amount of research in manufacturing has been dedicated to 
adaptive control techniques for adaptation of input parameters in actual cutting 
conditions [72, 85, 86]. For adaptive control to be effective in automated cutting
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operations, quantitative relationships are employed to monitor information about 
cutting characteristics and cutting process parameters. These quantitative relationships 
are used also (1) to determine whether or not a particular measurement is exceeding the 
preset thresholds, and (2) to modify those process parameters through the system 
controller, (3) to manage the quality of cutting within acceptable limits. Good quality 
cutting must have the characteristics of dimensional accuracy and good surface finish 
without any processing difficulties. The systems for adaptive control can be compared 
with two types of control techniques as set out in sections 2.3.3.1 and 2.3.3.2.
23.3.1 Open-Loop Machining Control
A significant improvement on the cumbersome early conventional cutting systems has 
been achieved with the development of open-loop adaptive control, called manual 
adaptive control (MAC) [87]. This development allowed set-up times to be reduced, 
more tasks to be performed and routines to be stored for later use. However, in the 
MAC systemt, to enable problems in the cutting process to be corrected, it is essential 
that the operator stops the operation immediately and modifies the performance of the 
program in the machine controller. Therefore, the MAC is definitely inferior to the 
more sophisticated closed-loop adaptive control, called automatic adaptive control 
(AAC). In MAC, an operator takes the place of automatic sensors, and serves as the 
interface between an inexpensive programmable computer and the machine [88]. 
Because operators make use of their senses of sound and sight to collect cutting 
information after processing and interpretation, MAC will be much less effective in 
controlling the cutting process than AAC. Therefore, the MAC system will not always 
produce consistent results of dimensional accuracy and high surface quality over the 
cutting tool life, since operators are limited in experience or modelling to enable 
selection of the necessary input parameters to achieve the desired output parameters. 
Due to these shortcomings, much research and development work has concentrated on 
sensing and control methods to enhance the automated cutting process.
Chapter 2 Literature Survey 30
23.3.2 Closed-Loop Machining Control
The closed-loop adaptive control system, AAC system, receives the measured or 
calculated actual output parameters and selects the necessary cutting input parameters 
based on these output parameters, and then initiates the cutting process while 
simultaneously monitoring the cutting conditions to determine the success of the 
cutting operation. On the basis of sensed outputs, the machine must be able to 
interpret and adjust stepwise for optimisation of the cutting process.
Automatic adaptive control (AAC) was first achieved by Gall [89] for control of an 
abrasive cut-off machine to a minimum cost per cut. A more effective approach for 
AAC process in cutting operations was achieved using a fully integrated machining 
structure having an CNC lathe, a part feeder, robotics work handling and scheduling, 
and a sensor and central computer [90]. With the combination of sensors and 
mathematical models, increased effectiveness for adaptive control in turning operations 
such as rate of surface finish [86, 90, 91], tool wear [92-94] and tool fracture [95, 96] 
was shown in many studies.
Mathematical models based on the control system are not suited to totally real-time 
adaptive control, because of their inability to isolate the process input parameters, 
thereby resulting in excessive processing times. These systems are not capable of 
taking account of the relative effectiveness of each input parameter. Mathematical 
systems are also inflexible to changes in hardware, due to their rigid control laws, and 
unlike humans are unable to learn from success or failure. Development of practical 
models is still continuing in this area because development is extremely difficult and 
each cutting parameter has at least some effect on the others.
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2.4 ACOUSTIC EMISSIONS IN THE MACHINING PROCESS
2.4,1 Background and Application o f Acoustic Emissions
In early times, acoustic emissions (AE) in metals were observed in terms of "tin cry" 
generated during twining deformations of tin and "audible sounds or clicks" generated 
in the heat treatment of metals [97]. The earliest use of electronic instrumentation for 
AE analysis was initiated by Kaiser [98], to detect audible sounds created in the metal 
deformation. In the studies, it was identified that the irrecoverable deformation in the 
metal cutting process occurred as the level of stress waves exceeded the plastic 
limitation of workpiece materials. A couple of years later, Schofield [99] and Tatro 
[100] improved the instrumentation for measurement of acoustic emission, and 
reviewed the deformation of the plastic work to clarify the proposal in Kaiser's theory 
that major sources of AE signals result from dislocation by slip and twining of the 
grain boundary in the internal metal structure.
The advance of AE technology was made by minimising the background noise [101], 
which for early workers resulted in many limitations in the wide frequency range of 
the AE. With the improvement of AE analysis using a more modem AE monitoring 
system, it was possible to ignore almost all background noise from the cutting process 
by using filtering devices and transducers sensitive enough to detect flaws in the 
cutting process. Sounds and stress waves generated in the metal cutting operation 
were mainly utilised to estimate materials characterisation and structural evaluation as a 
form of non-destmctive testing (NDT).
Acoustic emission techniques have been generally accepted in the two groups of 
studies : deformation or fracture in geological materials [102] and the assessment of 
structural integrity [103]. Recently, most AE techniques have been used to assess the 
transient nature of the mechanistic processes involved in deformation, fracture and
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flaws of structures, and to verify the qualitative relationships for a wide variety of 
materials and structures.
Over a number of years many investigations into the AE monitoring system have 
shown a significant potential, and several of these have been recorded in the 
publication “Acoustic Emission, ASTM STP 505”, and applied in modern industry 
and many engineering research areas. These areas of application include : monitoring 
of earth slopes and dams, vibration analysis, pipe-line condition monitoring, leakage 
monitoring, delamination and fracture of fibre reinforced plastics, dynamic monitoring 
of crack growth, and the determination of location and size of cracks in pressure and 
nuclear vessels without emptying. Other areas of application have been found in 
structural integrity of bridges, buildings, and wooden beams, bearing condition 
monitoring, in-process monitoring of welding, tool wear and fracture, and observing 
chemical (oxidation) reactions. Various other applications also have been found.
2,4.2 Statistical Analysis Techniques o f AE signals
In analysis and interpretation of the detected AE signals, the application of AE 
techniques is restricted by limitations in accurate assessment of the cutting process. 
The limitations may occur through such problems as :
( 1 ) the randomness and non-periodic nature of the AE signal amplitude,
(2) the wide range of frequencies of the detected AE signals,
(3) a lack of database and mathematical models for prediction of the AE signal 
generation all of which can affect decisions about the cutting conditions before 
machining.
Since these limitations, AE analysis techniques have continued to be developed, in 
order to establish the most suitable modelling for adaptive control of cutting processes 
using the AE monitoring system.
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AE testing is a very versatile non-destructive testing method for the analysis of flaws 
and defects in materials or structures. The commonly employed statistical techniques 
for analysis of AE data can be classified as follows :
• RMS voltage analysis technique is used to measure the changing amplitudes of the 
AE signal due to the vibration created between the tool and workpiece during metal 
cutting [104-114].
• Count and count rate analysis technique is used to record the rate of AE events for 
each cut as the detected AE signals exceed a preset threshold voltage [115-118].
• Frequency spectrum is used to indicate the contribution of predominantly detected 
signals of each frequency component to the total power using a high speed 
spectrum analyser [119].
• Amplitude distribution analysis gives an indication of the number of AE signals 
whose the amplitude falls within a predefined range [120].
• Autocorrelation function enables comparison of a signal waveform against a 
delayed version of the same waveform [121].
• Homographic processing of detected AE signals is used as a means of separating 
the AE source characterisation and signal path transmission effects [122, 123].
Among the several AE techniques developed in machining processes, the most 
promising technique is to analyse the RMS voltage of AE signals ( AERMS) converting
the raw AE analogue signals to electric digital voltage values. In recent times, analysis 
of the AEms is the most commonly used technique for condition monitoring of the
tool wear, fracture, failure and the surface roughness of the newly machined 
workpiece.
Based upon the discussed AE analysis techniques above, several modelling techniques 
for intelligent machining have been applied to the process state representation. These 
techniques are used to completely understand and adequately describe the process 
mechanisms in the form of a knowledge base. The different modelling techniques for
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statistical and artificial intelligent (AI) approaches in cutting operations have been
defined and evaluated in the technical papers, such as :
• Pattern recognition, is used to classify significant process effects, such as the 
categorisation of input data into identifiable classes via the extracted some given 
attributes, derived from the frequency spectra of AE signals [124-126]
• Autoregressive time series fARl is used to derive the mathematical model for a 
dynamic system based on physical laws which can calculate the value of some 
time-varying quantity at any particular instant of time [121, 127].
• Autoregressive moving average fARMA) time series is used to quantify the 
process dynamics embedded in the AE signals [128].
• Multiple regression analysis is used to construct a model which presents the 
variability in a dependent variables using several independent variables [107].
• Group method of data handling iGMDPP is used to offer a self-organising 
modelling and a large selection of cutting parameters and strategies that can affect 
on the model of provided best results [129].
• Neural network is used to make a final decision on the state of the cutting tool 
from the output training set based on the input and output interrelationship [130­
134].
• Fuzzy logic is used to derive optimised control algorithms to obtain a prescribed 
quality of cutting, using other analysis modelling such as time AR series and 
pattern recognition [135, 136].
2.4.3 Developed Models fo r  Prediction o f  AERMS
A  derivation of the energy rate consumed in the cutting process was presented by
Merchant [6], and an expression for the total power consumption in the total cutting
zone was first described as :
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E, =  F CV  =  tA V ------C° S(̂  a ) ------
sin0cos(0 + p -  a)
(2.35)
The derived formula 2.35 which can compute the total amount of the energy rate 
consumed in cutting operations, is not widely adaptable in the theory of various 
cutting zones. However, based on the basic mechanics of two-dimensional cutting 
operations proposed by Ernst and Merchant and the developed model of the total 
power consumption by Merchant, many models for prediction of the A E RMS or cutting
forces relating to cutting process parameters, using specified techniques such as 
acoustic emission or cutting force techniques, have been applied for adaptive control 
systems in automated cutting processes.
As indicated in Figure 2.6, AE models [23, 24, 138, 139] have been derived from the 
quantitative relationship between the A E RMS voltage levels and the energy rate
consumed in various (primary, secondary and tertiary) deformation zones during the 
two dimensional cutting operation.
Figure 2.6 Cutting mechanism and generation of acoustic emissions on the
irreversible deformation zones.
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Domfeld and Asibu [23] first derived a theoretical relationship from the theory of 
acoustic emission and the analysis of emission signals. The analytical model was 
suggested by the basic mechanics of orthogonal cutting operations. This model 
applied the relationship between the energy expenditure based upon the dislocation of 
workpiece material in the primary deformation zone and the AERMS voltage according
to variations in cutting process parameters such as feed rate, cutting speed and rake 
angle. In the studies, the dependency of emission energy on the cutting speed and 
strain rate were verified. Furthermore, in the theoretical equation 2.35, the constant of 
proportionality ( C) was suggested to fit the difference between the measured AEms
voltage and the energy rate calculated theoretically on the basis of the experimental data
VRMS = C( T,
rccosa  V 
sin 0 AY
(2.36)
Asibu and Domfeld [24], extended the quantitative relationship of the previous model 
by considering the influence of the acoustic emission signal at the tool-chip interface, 
rather than stress distributions in the shear zone predicted by the slip line field (SLF) 
theory. A comprehensive analytical relationship between the acoustic emissions and 
cutting process parameters, was based on the experimental theory of Zorev [19] and 
Trigger [137], and compared the level of the experimentally measured AERMS voltage 
with the value of the theoretically predicted AERMS voltage. The developed model was 
derived from the theory of power law and applied stress distributions in the tool-chip 
interface, using the relationship of the normal load and friction force. However, the 
constants of powers (a and b) and the seize ratio (the ratio of the sticking and sliding 
regions separated in the tool-chip contact zone proposed by Zorev) in the tool-chip 
interface, were not clearly defined. The value of the power constant was assumed to 
be equal to 1, viz ; a=b=l, and the lengths of the sticking (lst) and sliding (lst) zones, 
were assumed as half of the total natural chip contact length (/), viz lst = lsl =0.5/.
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The effects of the tool-chip contact length and rake angle were significant for the 
theoretical model and were identified in experiments by measuring.
Vrms ~ Csin ot{TabV\ .
tcosa  1 /T _,  . sinó
-------------- + -(Z + 2Z J-------- - —
sm (¡) cos ( 0 - a )  3 cos( 0 -  a) ]}
(2.37)
Schmenk [138], modified the formula of Asiu and Dornfeld as a result of data 
obtained from experiments, which employed both sharp and artificially worn tools. 
Some assumptions considering the relationship between the tool-chip contact length 
(/) and the uncut chip thickness (t)  on the change of rake angle, were derived from 
the experimental result. It has been assumed that the seize ratio of the sticking zone 
was the same as the uncut chip thickness ( lst= t), and the total natural chip contact
length was the twice of the uncut chip thickness (/ = 2t) at zero rake angle in the tool­
chip interface. The size effect of the chip load was described in the tool-chip contact 
interface, and it showed an increased influence on the AEms output at the small chip
loads formed by the low range of feed rate.
T h V r 1
VRMS = C H — [cos (/) sin 0
, (Z + 2ZJ sin 0 +
31
(2.38)
Lan and Dornfeld [139] presented a derivation by including the effects of the AE 
signal created in the tool flank and workpiece interface, which took into account the 
influence of the AEms voltage increased linearly with increase of wear land on the 
tool flank [140]. The frictional stress ( T^) and sliding speed ( V ^) in the tool flank-
workpiece interface were assumed as reasonable. The derived model was also 
assumed a little differently from the model of Asibu and Dornfeld. It was proposed 
that the AE signal attenuations (Cp C2 and C3) occur in the three plastic deformation
zones by signal transmission losses. In all, it applied the law of power in order to
approach realistic values according to the change of materials. The constant of
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proportionality ( C) indicates the AE signal loss in the cutting tool itself. The constant 
of power ( m) is dependent on the tool and workpiece materials.
VRMs =  C{rabV[Ct ----- -------------- + C2- ( l+  21J  — ^ —  + C3/„ ]}'
s in 0 c o s ( 0 - a )  2 3 cos(0-oO
(2.39)
As briefly summarised above, the models developed for prediction of the AEms 
voltage were well defined using some assumptions and experimental results. 
However, the theoretical models were limited in determining the feasibility of adaptive 
control because some of the assumptions were not reasonable, as follows : -
(1 ) the values of the seize ratio in the tool-chip contact lengths in the tool-chip 
interface were not correctly estimated.
(2 )  the values of acoustic emission signal attenuation constants (Cp C2 and C3) in 
various cutting zones were not determined reliably.
(3 ) the constants of proportionality ( C and Csin a ) were not estimated.
(4 ) the value of Csin a  is equal to zero when the rake angle ( a )  is zero.
Even though Lan and Domfeld [139] obtained the acoustic emission signal attenuation 
value in the primary cutting zone ( Cx) using the lead break test, they assumed that the 
values of the secondary and tertiary cutting zones are equal to be 1 (viz C2=C3 = 1)
without some reasonable reasons. In addition to, the proportionality constants ( C and 
m ) have not been determined.
In this research work, a realistic seize ratio indicates that the ratio of the sticking and 
sliding zones are not half of the total natural chip contact length. The constants of 
acoustic emission signals generated in each cutting zones which includes the 
proportionality constant, will be estimated with the help of the computational work. 
As described later in chapter four, the values of the constants shows a big difference 
when compared with the constant values of Lan and Domfeld.
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CHAPTER THREE
THEORIES FOR DEVELOPMENT OF 
MATHEMATICAL MODELS
3.1 INTRODUCTION
A knowledge of material behaviour with chip formation is of great significance, since 
it gives an illustration of how tool and workpiece material properties and cutting 
conditions influence the important process parameters, such as cutting forces, tool 
wear and power consumption. So as to put the analysis of the metal cutting operation 
on a qualitative basis, certain observations must be made before and after a cut. 
Definition of the physically consistent relationships of cutting forces, stress 
distributions and energy expenditure in various cutting zones, is essential to the 
analysis of the mechanics associated with the cutting process.
In this chapter, a wide variety of factors in each cutting zone which produce cutting 
forces, stress distributions and energy consumption will be discussed first, and the 
significant variables which lead to the practical cutting action will be identified, so as 
to develop theoretical models. Application of theoretical and empirical theories were 
described for development of theoretical models. Finally, acoustic emission analysis 
technique, one of the most promising and useful techniques for the monitoring of
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cutting conditions will be described, and the fundamental formula developed for 
prediction of AE signal generation, will be presented.
3.2 MECHANICS OF THE ORTHOGONAL CUTTING PROCESS
3.2.7 Cutting Forces
In accordance with the cutting models, the orthogonal cutting operation has been 
defined as a two-component force system, while the oblique cutting operation is a 
three-component force system. The number of observations that can be made of the 
cutting process is rather limited. One of the more important of those observations, is 
the determination of the cutting force components. An ability to predict the forces 
generated in various cutting zones is necessary in the design of machine tool structures 
and cutting tools, as well as for the determination of appropriate cutting conditions.
The magnitude of cutting forces is directly related to the material properties of the 
workpiece and cutting tool, the cutting conditions, the structural rigidity of the 
machine and the status of lubrication [72]. Among the tool and work material 
characteristics, material hardness plays a significant role in the cutting forces. For 
instance, the cutting force for ceramic tools is invariably much smaller than for high 
speed steel or the cemented carbide tool, by virtue of its lower value of the coefficient 
of friction [17, 141]. Furthermore, the cutting and tangential forces which have an 
influence on other forces, depend predominantly on the cutting process parameters, 
such as the feed rate, the depth of cut, the width of cut, the cutting speed, the tool rake 
angle and the wear land of tool flank [9, 14, 72, 109, 137]. According to the 
experimental data by Sadik [142], the cutting force increases with increasing tool-chip 
contact length and cutting time and decreasing cutting speed.
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As can be seen in Figure 3.1 (a force diagram of geometric relationships), the cutting 
forces have been differently estimated in the two cutting zones. When the deformed 
chip is isolated in the two irrecoverable deformation zones, it can be considered as two 
resultant forces : the resultant force ( Rs) in Figure 3.1 (b) between the workpiece and 
the chip that moves along the shear plane, and the resultant force ( R tc) in Figure 3.1 
(c) between the back surface of the deformed chip and the tool rake face in the chip­
tool interface. These kinematic forces associated with orthogonal metal cutting 
operation were developed by Ernst and Merchant [5, 6].
Figure 3.1 The geometry of machining.
(a) cutting forces diagram, (b) shear plane, (c) Tool face.
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The cutting forces, generated between the tool face and the chip, have been separated
at the shear plane and can be expressed in the chip equivalent form.
• Forces generated on the shear plane
Fs = Fc cos 0 -  Ft sin </> (from Figure 3.1(b)) (3.1)
Fn = Ft cos <j) + Fc sin 0 (from Figure 3.1(b)) (3.2)
• Forces acting on the tool-chip interface
F  = Fc sin a  + Ft cos a (from Figure 3.1(c)) (3.3)
N  = Fc cos a - F t sin a (from Figure 3.1(c)) (3.4)
Analysis of the Coulombic sliding friction on the tool rake face is defined by the 
cutting and tangential forces generated with the tool rake angle. The coefficient of 
sliding friction in the tool-chip interface, ixtc is presented by the ratio of friction force,
F  and normal force, N  and can also be expressed as the friction angle, ¡5. The 
friction coefficient is dependent on the cutting velocity as an increase in cutting speed 
produces lower sliding friction.
H,c = tm P  = ^
F, sin a  + Ft cos a
u  = —------------- --------
F  cos a  - F t sin a
(from Figure 3.1(c)) (3.5)
In orthogonal machining, the resultant cutting force is a composition of the pressure
and the friction acting on the rake face and the flank of the cutting tool. The two
resultant forces, Rs, Rtc, can be defined by the vector sum of the forces generated in
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the shear plane and the tool-chip interface respectively, as shown Figure 3.1(b). 
However, the resultant forces are obtained on the assumptions th a t:
(1) the resultant force in the shear plane is equal to the resultant force in the tool-chip 
interface, viz. Rs= Rtc,
(2) Rs is opposite to Rtc,
(3) Rs is collinear to Rtc.
The resultant forces on the shear plane can be presented with two components : a shear 
force Fs acting along the shear plane, and a normal force Fn acting perpendicular to
the shear plane.
Rs = p 2 + F„2 = ^ F 2 + F 2 (3.6)
The resultant force on the tool rake face can also be expressed by a friction force F, 
and normal force N  at the tool-chip sliding interface.
R,c = ^If 2 + N 2 = ^ F c2 + F 2 (3.7)
From the above defined equations of the forces, it can be seen that the forces are a 
function of the cutting force ( Fc) and the tangential force (F t). The cutting force
which is in the direction of the cutting velocity and the tangential force which is in the 
direction perpendicular of the cutting velocity or the machined surface, can be 
measured by experiment, using a tool dynamometer mounted in the workholder or 
toolholder. On the basis of the measured values of the cutting and tangential forces, 
other forces generated in each plastic deformation zone can be resolved using the 
theoretical equations above mentioned.
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3.2.2 Stress Distributions in Cutting Zones
Shear and normal stresses in the metal removal process take place in the shear plane 
and on the tool rake face. The stresses generated in the shear plane are analysed on the 
assumption that they are uniformly distributed. On the other hand, the stresses in the 
tool-chip interface provide a different derivation, assuming that they are non-uniformly 
distributed, based on the experimental evidence of Zorev [19]. The magnitude of the 
stresses depends largely on the elastic and plastic boundary in workpiece materials, 
and is determined by cutting conditions and strain hardening [16, 17, 141]. An 
understanding of the stress distribution gives an improved knowledge of the process 
mechanics and the cutting tool wear mechanisms.
3 .2 .2 .1  U n iform  S tre ss  d is tr ib u tio n  in the sh e a r  p la n e
Figure 3.2 A cross-sectional area between the shear plane and tool-chip interface.
Shear stress and normal stress distribution in the primary shear deformation zone can
be determined by the effects of forces acting on the shear plane. These forces (shear
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and normal forces) are based on the dislocation motion of the internal metal structure 
of the workpiece material when the cutting tool engages the workpiece. The shear 
stress Ts , can be derived from the shear force which exists on the shear plane and an 
area of shear plane, As formed by cutting the metal structure, as depicted in Figure
3.2.
Fs _ Fc cos (¡) sin 0 -  Ft sin2 0 
As bt
(3.8)
The cross-sectional area of chip before workpiece removal (Ac) is computed from the 
undeformed area of cut (b t)  inclined at the shear angle.
A =  - 4 “  =  -7 —7 (3 -9)
sm <p sin (p
The normal stress crs , is similarly extended, using the equation of the normal force on 
the shear plane, because it is in units of force per unit area. Therefore, the normal 
stress is :
Fn _ Ft cos 0 sin (/) + Fc sin2 0 
A5 bt
(3.10)
From the equation 3.10, it can be seen that the theoretical correlation of the stresses 
( Ts and <JS), that are generated by the actual dislocation state of a cutting metal, relies
largely on the input and output variables such as the geometry of cut (b and t ), the 
shear angle (</>), and the measured cutting forces (the cutting force, Fc and tangential 
force, Ft). The normal stress on the shear plane has no effect on the shear flow stress 
of the workpiece material, and it is assumed that a s is independent of Ts [143]. 
However, the shear stress in the shear plane was estimated as a constant in particular
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workpiece materials and the variations of cutting process parameters without respect to 
the magnitude of the normal stress [137,144].
3 2 2 2  Average Dynamic Shear Stress in the Plastic Deformation Zones
The average dynamic shear stress ( Ta) of metal, called a maximum resisting shear 
strength [1] of workpiece material, or shear strength [24], can be regarded as a basic 
physical theory used to predict the fundamental theoretical model which applies in the 
plastic deformation zones. It might be expected to be a constant regardless of the 
variation of the cutting process parameters, tool and workpiece materials.
Chao [137] and Ramalingham [144] proposed the constancy of dynamic shear stress 
of workpiece material under high-speed machining conditions. The average dynamic 
shear stress in the experimental result of Chao, has proved that it shows no change 
under the same cutting condition of feed rate with variations in cutting speed, tool-chip 
contact length and some workpiece materials (carbon steel and copper). Ramalingham 
has established that the average shear stress takes on a constant value for a variety of 
metals.
Mesquita [9], also presented a method of determining the dynamic shear stress using 
the effect of crater and flank wear, and the indentation force on the distribution of the 
shear stress in the metal cutting process. In comparison with the shear stress values 
obtained using the models proposed by other researchers, the dynamic shear stress in 
this experiment was essentially constant.
From the view point of these experimental results, it can be summarised that the 
average dynamic shear stress of a metal shows invariant behaviour without respect to 
the variation of cutting conditions. On the basis of these practical experimental results, 
the relationships between the average dynamic shear stress in the shear plane, the
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frictional shear stress in the tool-chip interface, and the sliding frictional stress in the 
tool flank and workpiece surface interface, it can be established that the shear stresses 
generated in the three plastic deformation zones are equal to the average dynamic shear 
stress of a metal [24, 137-139, 144, 145].
3.2.23 Non-Uniform Stress Distribution at the Tool-Chip Interface
It is both complicated and difficult to determine the forces and stresses between the 
chip and the tool rake face. There are two significant difficulties in predicting the 
relationships between the stress distributions. With variations of basic cutting process 
parameters such as feed rate, rake angle and cutting speed, the accurate analysis of the 
tool-chip contact length distributed on the rake face of the cutting tool, is one of the 
most important factors [49]. Another is to indicate the actual stress distribution on the 
tool rake face.
With the help of the actual experiment evidences which are related to the variety of 
experimental techniques (photoelastic techniques), and observations by several 
researchers such as Zorev (1963) [19], Kato (1972) [146], De Chiffre (1977) [26], 
Shaw (1980) [147] and Usui (1984) [80], it has been found that the stress 
distributions on the rake face of the tool are not uniform. However, many different 
assumptions need to be made to accommodate the theoretical relationships. As a result 
of the practical experiments and theoretical assumptions of the above researchers, 
which seems to originate from the empirical theory of Zorev [19], the chip flow has
been separated into two major regions of sticking and sliding on the tool rake face. 
This empirical theory was based on the distribution of shear stress ( Tf ) and normal
stress ( a f ) along the cutting tool face
The concepts of the sticking and sliding zones in the tool-chip interface are quite 
different from the influences that depend largely on the dependent output variables
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such as the cutting forces, the high interface temperature, the high cutting pressure, the 
shear angle, the sliding friction and wear of the cutting tool. For instance, the high 
interface temperatures and pressures generated at the cutting tool edge (point A in 
Figure 3.3) cause sticking and generate maximum normal stress. Therefore, special 
conditions of cutting process parameters, tool and workpiece materials are required to
maintain a good machining condition. Whereas, the distribution of normal stress in 
the sliding region <jf , is zero at point I in Figure 3.3 where the chip leaves the rake
face of the tool. The normal stress is defined as a power function of the distance from 
the cutting tool edge to the last contact point of the chip on tool rake face. Finally, it 
can be stated that the normal stress is non-uniformly distributed on the rake face of the 
cutting tool.
The frictional shear stresses in the tool-chip interface ( T/ ), are more uniformly 
distributed than the normal stress ( cr/ ). However, it is more complicated to evaluate
because of the chip behaviour. With the change of cutting process parameters, the 
behaviour of chip flow between the workpiece material and the cutting tool edge is 
entirely dependent on the properties of the workpiece material. According to the 
behaviour of the deformed chip, frictional shear stress can be evaluated differently in 
the sticking and sliding regions.
As can be seen in the derived equation (3.15), the ratio of contact length (seize ratio) 
which is moved along the tool rake face by the deformed chip in the sticking and 
sliding zones, has an effect on the magnitude of cutting forces generated in those 
zones. As described later in the theoretical section 4.2.3 and the experimental section
4.5.2 of chapter 4, the seize ratio formula of the sticking and sliding zones which 
include the parabolic (power) constant (n), will be significantly dependent on the 
variations of cutting process parameters, such as feed rate, rake angle and cutting
speed.
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The frictional stress in the sticking zone is the same as the average dynamic shear 
stress Tst. As evident from the results of experiments on the seize ratio in the tool­
chip interface, the frictional stress in the sliding zone ts/ depends significantly on the 
variation of the value of parabolic (power) constant (n) whether it is uniformly 
distributed or not. In other words, the frictional shear stress in the sliding zone can be 
uniformly altered by the variation of the parabolic constant (n), as shown in the hidden 
lines from point H to point I in Figure 3.3.
A large number of different assumptions from previous work done by several 
researchers needs to be made to accommodate the realistic deformation of the 
workpiece at the tool-chip interface, as shown in Figure 3.3. Furthermore, the 
theoretical equations in the tool-chip interface were derived from the empirical 
relationship for the average dynamic shear stress of a metal which is readily useable to 
determine the relationship of stresses generated in various cutting zones by the 
irreversible deformation of the workpiece.
(1) the apparent chip contact length (lcn), is equal to the total length of contact (/) 
between the chip and the rake face, (ie, = 1) [49].
(2) the maximum value of the normal stress ( a f ) on the rake face, crmax, exists at the 
cutting edge, and the minimum value is at the point at which the deformed chip 
leaves the rake face of the cutting tool [19, 148].
<7 = (J ( -)"  (0  < X < 1 )  (3.11)
(3) The frictional stress ( Tsl) in the sliding zone decreases exponentially [19, 148]. 
However, its variation depends on the value of the parabolic (power) constant (n ) 
which itself is dependent on the variation of the cutting process parameters [49].
Chapter 3 Theories for Development of Mathematical Models 50
*sl=H0f
*sl= A^max(y)n (0 < X < l sl) (3.12)
(4) the frictional stress ( Tsl) in the sliding zone is equal to the average dynamic shear 
stress ( Ta) of the work material,when the bulk deformation of the material begins 
at the boundary between the sticking and the sliding zone [24].
Tsi = Ta (0 < x < l sl) (3.13)
(5) the frictional stress ( Tst) in the sticking zone remains constant and equals the 
average dynamic shear stress ( Tfl) of the work material [19, 148].
Ts, = to (lsl< x < l )  (3.14)
Figure 3.3 Stress distribution on the rake face of the cutting tool.
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Based on the logically presented assumptions and the empirical theories on the 
distribution of normal stress and frictional stress, the total frictional force on the tool­
chip interface can be combined by the integration of two forces.
F ,f =  F s l + F s,
F:f = £" (y  )” bdx + £  Tabdx
F# = T0fc(/St + —— ) (from eq. 3.13 and 3.14) (3.15)
n + 1
and the normal force on the tool-chip interface can be presented as
N< =
(from eq. 3.11) (3.16)
3.2.2.4 Stress Distribution in the Tool Flank and Workpiece Surface Interface
As evident from the experimental results in [109, 149], the relationship of machining
forces and flank wear lands increases linearly. When the wear land of tool flank 
increases, the applied cutting force (F ĉ ), and tangential force (F f̂ ), between the
tool-flank and the newly machined surface of the workpiece will have to be 
considered. In the theoretical analysis in Figure 3.4, the component force generated 
on the clearance (tool flank) face in the two-dimensional cutting operation is composed 
of the two types of cutting forces [9, 52].
R., = F  ̂ +F,
f*> ' fw fw
(3.17)
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The total resultant force generated in the tool flank and workpiece interface, called 
tertiary deformation zone Rt, can be obtained from the component of the resultant
force generated in the tool-chip interface zone and the tool flank and workpiece.
+ (R s = K )  (3.18)
On the basis of the experimental results and physical theories, it can be seen that the 
increase of the forces created in the shear zone, the tool-chip interface zone, and the 
tool-flank and workpiece zone, is accelerated due to the influences of each of the 
plastic deformation zones. The stress distribution between the tool flank and 
workpiece surface can be presented in terms of the cutting force and the actual contact 
area
r — Cfw
' fw
(3.19)
However, measurement of the cutting force in the tertiary plastic deformation zone 
( FCfiv) is impossible because a major cutting force ( Fc), measured by using a tool
dynamometer, can not be separated into the cutting force of each plastic deformation 
zone. Accordingly, empirical assumptions and many different experimental 
techniques have been used for the purpose of comparison with the experimental tests, 
using fresh tools and worn tools. The chip formation [7] and chip thickness [150], 
which play an important role in the shear plane angle, are not affected by the cutting 
forces and wear lands, as identified by the experimental result of this research. 
Because of this, the frictional stress ( t^ )  and sliding speed (V^), resulting from
rubbing action between the tool-flank and the new surface of the workpiece, are
assumed as equal to the average dynamic shear stress and the cutting velocity, viz 
/j- = xa and Vfw = V [139]. The real area of sliding contact interface Ar̂ , can be
described from the analysis of the sliding friction contact in the two metal faces as :
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= VK  (3.20)
Where, Aa is the apparent area of sliding contact, and 77 is the proportionality 
constant of the condition of the two contact faces (ie the roughness of the machined 
surface) which depends on the properties of the tool and workpiece material. All the 
possible contact conditions in which the ratios ( 77 ) of the real and apparent contact 
area, are less than or equal to one. The value of 77 has been taken into account by 
using the theory of the slipline field combined with the sliding friction of the tool- 
workpiece interface and the bulk deformation of the workpiece material [151, 152]. 
Modelling the joint of tool-workpiece interface sliding friction and workpiece material 
bulk deformation in the metalworking process has been defined in one of three slipline 
fields as follows :
Table 3.1 Modelling of workpiece bulk deformation in the metal cutting process.
Types of slip line field Single-fan field Double-fan field Full-contact field
Ratio of real contact area 0 < 77 < 0.5 0.5 < 77 < 1.0 77 = 1.0
From the theories described in this section, it can be seen that the realistic applied 
sliding friction force between the tool-flank and the new surface FCfw, is dependent on
the average dynamic shear stress ( ra), width of cut ( b ), the average wear length of 
the tool-flank ( )  and the ratio of contact area ( 77) and can be expressed by :
F'„ = t ^ bdx
Fc,, = (3.21)
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The applied normal force in the tertiary deformation zone is also derived from the 
relationship between the cutting force and tangential force generated by mbbing action.
Figure 3.4 Forces acting between the tool-flank and the new surface.
In Figure 3.4, the direction vectors of the forces and velocities were considered 
relative to the cutting tool face only, but the forces and velocities exerted on the 
workpiece will be exactly opposite to those shown in Figure 3.4.
3.2.3 Energy Expenditure in Plastic Deformation Zones
Consumption of the total energy in the metal cutting process can be altered through the 
input variables such as cutting process parameters, workpiece and tool parameters, 
and conditions of the cutting environment. It is also differently determined in the three 
plastic deformation zones in accordance with the cutting forces and velocities 
generated per the unit area. The total energy power ( E t ), consumed per unit time
during machining, is based on the fundamental power theory and the theoretical
W/w =  VGfwblfw (3.22)
Workpieo
Chapter 3 Theories for Development of Mathematical Models 55
equation which was expressed first by Merchant [6], as described in chapter 2, section 
2.4.3.
Et = F c V (3.23)
The cutting velocity is calculated using the diameter of the workpiece material ( d ) and 
the revolutions per minute (N ).
JtdN
V = ——  (m / min) (3.24)1000
However, the energy content consumed in the metal removing process can be 
separated into the three main deformation zones, such as :
(1) the energy rate of shear deformation per unit time Es, on the shear plane, 
E = F V .s s s
(2) the energy rate of the sticking and sliding deformation per unit time Etc, in the 
chip-tool interface, Etc = (Fst + Fsl)Vc.
(3) the energy rate of the tertiary zone per unit time Ew, between the tool-flank and 
workpiece surface, E ^  = Fĉ  V^ .
The total energy power consumption rate generated per unit time during the orthogonal 
machining process can be defined as :
E ,= E ,+ E K+Efi. (3-25)
3.3 MONITORING TECHNIQUES OF THE MACHINING PROCESS
Despite cutting methods of materials having been devised from the earliest of times, in
some respects the science of metal cutting processes has not progressed significantly.
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The relationships of basic mechanics that are closely related to the generation of cutting 
forces and the tool wear, have not definitely been identified in relation to the changes 
of cutting process parameters in the primary, secondary, and tertiary deformation 
zones.
Acoustic emissions which originate from the elastic stress or pressure waves during 
dynamic processes in materials, make it possible to analyse AE signals generated in 
each cutting zone. With use of the acoustic emission (AE) technique which has come 
out of recent research and development, the metal cutting process methods have 
advanced more rapidly.
The measurement of acoustic emissions (AE) and cutting forces using a monitoring 
system such as an AE monitor, a tool dynamometer, A/D converter, IBM personal 
computer and peripheral devices, is one of the most promising non-destructive testing 
techniques for the detection of tool failure and progressive tool wear [84, 92-96, 109, 
153-158]. In this research work, these two analysis techniques were also utilised 
simultaneously to observe the cutting forces and acoustic emission signals from the 
variation of cutting process parameters, and a close relationship was evident in the 
experimental investigation, as later described in the chapter 4 of an experimental 
procedure.
3,3,1 Analysis o f  Acoustic Emissions
Acoustic emission is a transient elastic vibrational energy which is obviously emitted 
and readily detected from the surfaces of a specimen, as the workpiece material or 
cutting tool undergoes irrecoverable deformation. The transient elastic stress waves 
are redistributed to an analogue signal in the form of the strongly fluctuating speed of 
sound. As presented in the later section 3.4.3, acoustic emission signals in the metal
Chapter 3 Theories for Development of Mathematical Models 57
cutting process are propagated by the two types of irreversible deformation in the 
internal structure of workpiece material and the cutting too l:
(1) micro-damage such as increase of micro-gaps, movement of dislocation groups, 
and so on.
(2) macro-damage such as fracture, suddenly crack propagation and progressive 
wear of the cutting tool.
The AE signals detected in metal cutting operations are usually of low amplitude, are 
non-periodic, and of a high frequency range from 100 KHz to 1 MHz [140, 155-157]. 
However, a most useful experiment has been done in the filtered frequency range of 
50 to 500 KHz [114] or 100 to 300 KHz [109, 157], which gives confidence in the 
use of AE sensor dynamics, without any concern that the AE signals are excessively 
contaminated by lower frequency machine harmonics. The AE signal detected is 
amplified and fed through a high-pass filter to eliminate any low frequency noise 
components resulting from vibrations. In addition, the low-pass filter range of 0 to 2 
KHz, is usually used to get rid of the high frequency noise components resulting from 
electric sparks [109, 157-158]. The raw signal must be filtered before it is converted 
to a digital signal, and the filtered AE signal (the digitised RMS voltage of the AE 
signal) is fed into a IBM personal computer, as depicted in Figure 4.5 ‘Experimental 
Set-up” in chapter 4, section 4.4.2.
3.3.2 Advantages and Troubleshooting Using the AE technique
Among the indirect measurement methods used to observe the variation of dependent 
output parameters, the analysis of the AE signal detected in metal cutting has several 
advantages as follows :
• the AE technique allows prediction of the extent of tool wear by means of on-line 
monitoring without any interruption of the consecutive cutting operation.
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• the AE sensor can be completely separated from peripheral obstacles like the 
interference of the chip formation.
• in order to avoid damage to the workpiece or the machine, the worn cutting tool 
can be immediately replaced when the range of AE signals is suddenly increased.
• the AE signal monitoring can save machine time because it performs consistently.
• the AE technique reduces economic losses for the following reasons :
- tool life can be optimised,
- machine down time is lessened,
- operator involvement is limited.
• use of the AE technique can be accomplished as a feedback control system in 
untended machining operations.
However, the AE signal analysis technique which has been proposed for the detection 
of the tool wear, suffers from the variations of cutting conditions such as cutting 
process parameters, the geometry of the cutting tool, the workpiece and tool materials.
3.3.3 AE Sources in Turning Operations
Acoustic emission referred to as elastic stress waves, is generated by a sudden release 
of energy in materials undergoing deformation, fracture or both. In turning 
operations, AE is generated from several sources, as listed below and illustrated in 
Figure 3.5.
(1) the primary deformation zone (shear zone)
(2) the secondary deformation zone (tool-chip interface)
(3) the tertiary zone (rubbing and friction between the tool-flank and newly machined 
surface)
(4) the chip breaking and entanglement of continuous chips on the tool face or 
workpiece.
(5) tool chipping or fracture.
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Chip Fracture
Primary Deformation Zone Tertiary Zone {
(Shear deformation) (Sliding friction and flank wear)
Figure 3.5 Acoustic emissions generation in plastic deformation zones.
3.3.4 Acoustic Emission Signal M easurement
The AE signal generated by the above mentioned five sources [23-24, 138-139, 145, 
159] propagates through the cutting tool and can be collected by a piezoelectric 
transducer mounted at an appropriate place on the tool. The raw AE signals can be 
confirmed from the screen of an oscilloscope connected to the output signal port in the 
AE monitor, through the input signal port of the AE sensor. The collected AE signal 
is non periodic and contains many frequencies, due to the effects of different 
mechanisms at the sources.
The primary deformation zone, called the shear zone, is the largest source of acoustic 
signal emission and produces in excess of 75 percent of the total energy content rate 
when the AE signal attenuattion is not considered , as presented by Cohen [148]. This 
means that the AE signal is closely related to plastic deformations, in terms of the 
inherent or physical imperfections of a workpiece material : such as vacancy 
coalescence, incohesion of inclusions and phase transformation, and abrupt fracture of 
the workpiece or cutting tool [23-24]. As shown in Figure 3.6, these factors are due 
to the movement of vacancies and the dislocation motions caused by slips on the grain
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boundaries in micro-areas with high stress around the plasticity limit of the work 
material.
Figure 3.6 Dislocation motion in a metal structure [5].
The acoustic emission signal generated in the secondary deformation zone is closely 
related to the tool-chip contact length. The AE energy level reflects the existence of the 
deformed chip sticking and sliding on the rake face of the cutting tool. The gradient of 
AErms generated in the sticking region, increases rapidly due to the contribution of AE 
from the primary deformation zone (shear zone). The reduction of AERMS at the higher 
tool-chip contact length, is based on the lack of bulk deformation by sliding friction 
[24].
For the successful management of machining processes, an important aspect during 
cutting operations is the condition of the cutting tool. The cutting action and friction at 
the two contact surfaces increase the cutting tool temperature and accelerate the 
physical and chemical wear. As the cutting time elapses, the combined effects of both 
the crater and flank wear have been observed in the experimental tests, as discussed 
later in the chapter 4, section 4.5.2 (Figure 4.17). Also in this research, in studying 
the progressive wear of the cutting tool, it has been found that the growth of both the
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crater and flank wear has a much more significant influence on the average AERMS 
voltage, with any variation of the cutting process parameters.
In general, as can be seen in Figure 3.7, typical AE signals can be classified into two 
categories : continuous signal or burst AE signal. The continuous type of AE 
signals are associated with plastic deformation due to gradual wear, and the burst type 
AE signals are based on sudden fractures, the crack growth of the workpiece and 
cutting tool material. These two types of AE signals are affected by the input variables 
of cutting process parameters, especially tool geometry, and depend entirely on two 
types of chip formation : continuous chip, which causes to make an entanglement 
of the chip, and discontinuous chip, which results from the breaking of the 
deformed chip.
Figure 3.7 The typical AE signals during cutting process.
Acoustic emission signals show dominantly on the screen when the cutting tool is 
engaging the workpiece material and undergoes irrecoverable deformations. AE 
signals are conspicuously marked at the partially fractured point of discontinuous chip 
and at the tangled point of continuous chip [159]. As well, the cutting environment 
has a significant effect when the lathe or cutting conditions such as chatter, vibration 
and incomplete set-up are not stable [160].
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As presented in the previous chapter, section 2.4.2, one of the most important output 
variables in estimating the sources of AE signals, is the root mean square (RMS) 
voltage that converts the AE analogue signals into AE digital signals through the A/D 
converter. An analysis technique of the RMS voltage of AE signals will be discussed 
in the next chapter.
3.3.5 Composition o f Acoustic Emission Signals
The digitised raw AE signal is expressed as the sound emitted during the machining 
process, and this is made up from the major factors affecting the AE signal generated 
through sensing and transmission [122].
AErs = (AEC x Dr ) + AEn (3.26)
Where AERS, is the digitised raw AE signal. AEC is the AE signal generated from the 
cutting operation. DR is the transmission response of sensor location. AEN is the 
background noise generated during cutting. The actual AE signal obtained via the AE 
transducer is considered to be the true AE signal only, as :
AEts = (AEC x D R) -  AEn (3.27)
The unwanted noise from the detected AE signal is negligible because, (1) the amount 
of the background noise is a very small value as compared with the realistic raw AE 
signal and, (2) the background noise can be eliminated using the appropriate filtering 
device such as high-pass filtering, low-pass filtering or band-pass filtering [24, 109, 
122, 145, 154-158]. The true AE signal AEts, is generally represented as follows :
AEts — AEC x Dr (3.28)
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3.3.6 Acoustic Emission Signal Function
The general signal function in alternating current circuits is represented by an ideal 
amplitude such as a sinusoidal. However, as shown in Figure 3.8, the typical raw AE 
signal is composed of the component of the exponential curve and the sinusoidal curve 
which is more damped, observed as a raw AE signal triggered in the oscilloscope, 
rather than the ideal sinusoidal function.
Figure 3.8 Definition of the typical AE signal function over the threshold voltage.
The AE signal function can be applied by using the theory loop of alternating current 
circuits, as has been described by Teti and Domfeld [107] and Tetelman and Evans 
[161].
V ( t )  =  V p *  sin m (3.29)
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Where V{ is the initial voltage of AE signals, k is the damping constant. W is the 
angular frequency (GT = 27tfa). f a is the measured linear frequency per unit
In the AE signal function, formed on the basis of the typical amplitude of AE signals, 
determination of the initial voltage, the damping constant and threshold voltage plays 
an major role in the analysis of the AE signal function. Through the development of 
these three basic models, it is possible to predict the voltage of the raw AE signal 
displayed on the screen of an oscilloscope during the practical cutting test, and to 
better understand the relationship between the digitised AERMS value and the generated
AE signal. As schematically depicted in Figure 3.8, the triggered raw AE signal 
function theoretically assumed that the sine function is equal to be 1 (viz, sin GJt=l). 
The maximum and initial voltage of the signal created for the constant period of time 
can be expressed as :
Vm„ = V f i w  (3.30)
V, = Vm e ^  (3.31)
The damping constant formula k , can be derived from the differential of the basic AE 
signal function of the equation (3.29) and the following predictions :
—  = V[e~kt(CUcosmt) + ke 'kt(sin(Dt)] (V,- * 0  and e~kt * 0 )  (3.32)
dt 1
From the equation (3.32), the component function of sine and cosine must be equal to
zero, namely : ( m c o s W t - k s i n m )  = 0. Accordingly, the damping constant can be
expressed by the substituted the linear frequency ( f j  and the angular frequency ( m ) :
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2 k  2 Kt
J. CTcosa t _ 2af„cos2J t f j _  A rC0S( A r)
sinfiR sin 2 jt f j sinf— )
AT
(3.33)
The equation of the threshold voltage can be derived from the assumption that
sinG7i=l [107], and expressed by the instant time when the last peak reaches the 
preset threshold value ( tlp).
-kt 1 VVth -  V¡e klp or tlp = -  In—1- (3.34)
^  * th
The number of counts measured for a single event which is over the threshold value 
can be described as :
N  = fJlp = ^ L = ^ 2 ^ i ]nYL
p 2 k  2 k  sin Wt Vt
(3.35)
Deciding the threshold voltage (Vth) is also one of the most important factors in an 
experimental stage, because it exerts a strong influence on the number of counts per a 
signal event of amplitudes, when the peaks are over the preset threshold voltage. 
However, as can be seen in equation (3.34), Vth can not be predicted without the 
values of the initial ( V.) and maximum ( Vmax) voltages and damping constant (k) .
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CHAPTER FOUR
DEVELOPMENT OF THEORETICAL MODELS 
FOR PREDICTION OF ACOUSTIC EMISSIONS
4.1 INTRODUCTION
Cutting processes, such as turning on a lathe, drilling, milling, or thread cutting which 
remove material from the surface of the workpiece, are among the most important of 
manufacturing operations. Because of the number of variables involved and the 
variety of tool and workpiece materials and conditions available, the analysis of the 
cutting process is very difficult. The most important task in the cutting process is to 
understand how cutting process parameters affect acoustic emissions, cutting forces, 
power consumption, temperature rise, the desired surface finish and dimensional 
accuracy of the workpiece, and how they significantly influence the development of 
mathematical models for prediction of the cutting tool condition. The objectives were 
to fully characterise cutting process parameters for the development of theoretical 
mathematical models which study the influences of cutting process parameters on the 
level of the RMS voltage of acoustic emission signals.
This chapter presents theoretical mathematical models for prediction of AE signals
which are capable of monitoring the condition of the cutting process based on the
variation of AERMS voltage. The analytical AE models, based on the basic mechanics
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of the cutting process, were derived from the energy rate consumed in each 
deformation zone, related to the dependent output variables such as the influences of 
stresses, strain rate, the deformed volume of the workpiece material, cutting forces 
and velocities. The deviation of a realistic seize ratio and the parabolic constant for the 
optimal cutting process in the tool-chip interface play an important role in the 
development of theoretical models. The aims of this chapter are to set out the 
characteristics of the developed mathematical models and to identify the various 
problems that result from the previously developed models and establishing guidelines 
for the most effective cutting operations.
4.2 ANALYSIS OF AE SIGNALS USING THE RMS VOLTAGE
The RMS voltage of AE signals is to be measured from the AE analog signals which 
are being transmitted from the AE sensor, and it is convenient to investigate the 
relationship of the main problems for unmanned control process. The AERMS value of 
the AC signal can be directly expressed relative to the AEm s value of the DC signal 
through the AE monitor, A/D converter and peripheral devices, without converting 
between AC signals and DC signals. As discussed in chapter 2, section 2.4.2, among 
the several analysis methods of AE signals, the most common and reliable analysis 
technique for monitoring the cutting condition is to estimate the level of AEm s voltage.
Generally, the RMS voltage of emission signals can be derived from two types of 
signal function : an ideal signal function and a typical AE signal function. The AERMS
voltage is widely used to establish a comprehensive analytical relationship between 
acoustic emissions and the cutting process parameters.
4.2.1 Ideal Signal Function
An AC voltage that flows from a power socket is equivalent to the DC voltage that is 
fed into the signal generator (oscilloscope), when employing the same electrical circuit
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for the same period time. The equivalent voltage can be readily identified through a 
simple test and calculation using the multi-meter tester to compare the same energy 
dispersion between the AC and DC voltage. As shown in Figure 4.1, the RMS 
voltage value of any quantity that varies the sinusoidal function, equals to the 
maximum voltage value of that quantity divided by V2 [162]. In other words, the 
RMS voltage that comes from the outport of the oscilloscope, is the same as the 
maximum output voltage indicated on the screen of the oscilloscope divided by V2 . 
Generally speaking, the RMS voltage based on the sinusoidal function which is an 
ideal electrical signal wave, is represented as :
V
v  =  sas. ( A  i )
V RMS ^2
Figure 4.1 An ideal sinusoidal function of electrical signal waves.
4.2.2 Quantitative Relationship Between the AERMS Voltage o f  AE  
Signals and the Consumed Energy Rate
Acoustic emission signals can be monitored in several ways. The RMS voltage, an 
indicator of the energy of AE signals, has been observed to have many advantages 
over count and count rate monitoring techniques [163]. A proper technique for 
analysing and interpreting the raw AE signal created in the metal cutting process, is to 
estimate the measurement of the energy content corresponding to the value of the
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digitised AE signal ( AERMS voltage). A complete analysis of the cutting process
requires the establishment of quantitative relationships between all the independent 
input parameters and the dependent output parameters. The digitised AEm s  voltage is
to be converted from the analogue signal to the numeric value, and is quantitatively 
evaluated by the AE signal emitted for the period of time. The energy expenditure 
AE ,  during an interval time A T ,  can be related to the RMS voltage of the AE signal 
as.
A E
A T
(4.2)
Peak Level
“ 7
Peak-to-Peak Level
Average 
1 Level
I RMS 
___ I Level
Time
Figure 4.2 The schematic figure of typical AE signals [164].
Definition of the AE signal dissipated in the period of time interval can be derived from 
the quantitative relationship with the A E RMS voltage and the consumed energy rate
using the steps following :
(1) V ( t )  : AE signal function in the unit time
(2) V \ t )  : square of the AE signal function
(3)  ̂ fAi v 2( t ) d t  ' the mean energy value of the dissipated signal in an interval time
A r Jo ’
RMS value or energy rate in a machining process
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4.2.3 Energy Rate in the Primary Deformation Zone
The energy rate in the shear zone ( Es), based on the dislocation motion, can be simply 
determined by the shear force, shear velocity, strain rate, shear plane thickness and the 
deformed volume of the workpiece.
dEs =dFs -Vs = rs -dAs -(y-AY)
Zs =\v is ydVs = Xs yU s (4.4)
Where r  is the shear strain rate ( y = — ), A7 is the thickness of a slip plane produced
AY
by the dislocation motion in the shear zone, and Us is the deformed volume of the 
workpiece material on the shear plane (Us = As ■ AY). So as to determine the energy 
rate in the shear plane, it is assumed that the average dynamic shear stress and shear 
strain rate are constant under the uniformed stress distributions [137, 144]. The 
relationship between the average dynamic shear stress ( tJ ,  called shear strength of 
workpiece, and the shear stress, can be expressed using the identified experimental 
result as ra = t s.
The energy rate consumed in the shear zone can be described under the uniformed 
stress distributions by using the basic models of Ernst and Merchant [5, 6].
, cos a  T7
E -  T b t-------------------- v
5 a sin0cos(</> -  a)
(4.5)
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4.2.4 Energy Rate in the Secondary Deformation Zone
As described in the previous section of 4.2.3, the total friction force ( Ftc) of the two
regions distributed on the tool face is derived from the relationship between the 
average dynamic shear stress and the normal stress as follows :
F t =  *„&(*»+ - ^ T ) (4 .6)n + 1
The energy rate ( Etc) consumed in the sticking and sliding zones can be estimated by 
using the total friction force Ftf and chip velocity vc, as below :
E,c = r M s , + - ^ t )
sin0
n + 1 cos (Q-cc)
V (4.7)
As can be seen from the above mentioned equation (4.7), the energy generation in the 
tool-chip interface zone can be predicted more accurately by using the seize ratio (
and ŝl/ j  ) distributed in the sticking and sliding regions and the value of parabolic 
constant (n).
4.2.5 Seize Ratio and Parabolic Constant fo r Stress Distribution 
in the Secondary Deformation Zone
The seize ratio, which indicates the distribution of sticking zone and sliding zone 
contact lengths at the tool-chip interface, plays an important role in the prediction of 
the consumed energy rate (equation 4.7). In the present research, it was possible to 
estimate realistic values of this seize ratio by determining the value of the parabolic 
constant. Considering the non-uniformly distributed normal stress in Figure 4.3, the 
seize ratio can be determined by using the Spandrel formula of a n-th degree parabola 
which applies to the generating point of an inertia moment on the centroid [165].
Chapter 4 Development of Theoretical Models for PrPHjcfion nf AF 72
(« + D ,
n +  2 (4.8)
/
« + 2 (4.9)
Figure 4.3 Application of the Spandrel formula of the normal stress generated on the 
tool rake face.
The seize ratio of the contact length in the sticking and sliding zone which depends 
particularly on the variation of the cutting process parameters, has an critical influence 
on the wear of the tool. Increasing the normal stress with the decreased distance rate 
of x (sliding contact length) will generate high temperature and pressure due to the 
increasing cutting force [148]. Therefore, to reduce the chip contact length of the 
sticking zone on the rake face will result in longer tool life, good surface finish and 
lower power consumption. These can be improved by the selection of the best fit 
cutting parameters, tool and work materials, and by using artificially controlled 
geometry of cutting tools.
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The contact lengths of the two regions (lst and lsl), however, can not be computed 
without the value of the parabolic constant ( n ). Distribution of normal stress, can be 
determined, based on the variation of n value [19, 49, 148]. The formula for 
estimation of the parabolic constant can be derived from the frictional force 
relationships on the tool-chip interface. The friction force F, based on the Coulomb's
laws of friction [5, 6], can be assumed as equal to the total amount of friction force 
Ff, estimated by Zorev's relationships [19]. The force F can be computed by using
the cutting and tangential force components measured by a 3D dynamometer in the 
experiments. Hence,
F = F
tf
l
F  sin a  + F  cos a  = t b(l + —— ) (4.10)
c * « n + 1
By substituting the equations (4.8) and (4.9) to equation (4.10), the parabolic constant 
can be given by :
n =
2 Tabl
Fc sin a  + Ft cos a
(4.11)
Likewise in the derived equation (4.11), the parabolic constant ( n ) can be obtained by 
the relationship between the average dynamic shear stress of a metal, tool-chip contact 
length and the mechanics of the friction force at the tool-chip interface zone. The 
parabolic constant will be determined based on the experimental measurements, and 
these realistic values will then be employed in the model for prediction of AEm s.
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4.2.6 Energy Rate in the Tertiary Zone
As experimental results by previous researchers [139-140, 153-155] which the worn 
cutting edges produce higher energy of acoustic emission signals than the sharp 
cutting tool edge, the wear land of tool flank (VB) plays a major role in the energy 
consumption between the tool flank and the newly machined workpiece surface.
Based on the theoretical analysis in the section 3.2.2.4 of chapter 3, the energy rate 
consumed in the tertiary zone E ^ , can be represented as given by :
Ef* ~ ' y
Efw = m â v (4.12)
4.3 DEVELOPM ENT OF AE MODELS FOR PREDICTION OF THE
a e rms v o l t a g e
For the application of AE techniques between the cutting mechanics and the consumed 
energy rate, the fundamental nature of metal deformation and the geometry of metal 
cutting, which is extremely dependent on variations of the cutting process parameters, 
need to be illustrated so as to improve the knowledge base of machining operations. 
The major sources of the acoustic emission signals are the dislocation of the internal 
metal structure of the workpiece material and the progressive wear of the cutting tool. 
Therefore, the development of AE models has been applied in the three deformation 
zones
As summarised in the literature survey, in chapter 2, section 2.4.3, “developed models 
for prediction of AERMS‘\  a few models which relate the RMS voltage of AE signals
Chapter 4 Development of Theoretical Models for Prediction of AF. 75
with machining parameters and work material properties have been developed [23-24, 
138-139, 145]. These AE models have been derived from the consumed energy rate 
in each deformation zone, and rely upon the work of plastic deformation caused by the 
influences of cutting forces and velocities. The model for AE developed in the present 
research, also relies on the consumed energy and the plastic deformation work in 
various zones of the turning operation. However, this model was devised using a 
more precise seize ratio on the tool-chip contact length (ie, distribution ratio of sticking 
and sliding region of chip in the secondary deformation zone) and realistic values of 
signal attenuation constants in various deformation zones.
4.3.1 AERMS and Energy Rate in Plastic Deformation Zones
The theoretical AEm s  voltage during the orthogonal cutting operation can be computed 
by using the combined total energy content consumed in various plastic deformation 
zones, as derived from the three major irrecoverable deformation zones described in 
chapter 3, sections 3.2.2.1 to 3.2.2.4. The observed AERMS voltage is however, 
entirely different when compared with the theoretically calculated AEms voltage. The 
variance between the two values is assumed to be caused by AE signal losses during 
propagation from the various zones.
4.3.1.1 A New Model for Prediction o f Acoustic Emissions
The condition of the tool is an important aspect of machining operations. When a 
new tool is employed for the orthogonal turning operation, the tool has no crater wear 
or flank wear land at the initial cutting stage. In the present research, fresh (sharp) 
tools have been used for conducting tests and the wear land of the tool flank has been 
measured. After that, measured worn (blunt) tools were employed in an attempt to 
better understand the generation of AE signals in turning operations However, the 
cutting conducted for each set of observations employing fresh tools was very brief,
Chapter 4 Development of Theoretical Models for P r e d ic t io n  o f  a f 76
and did not allow any development of crater or flank wear land on the tool. Hence, in 
the absence of any rubbing in the tertiary zone, the AE generated in this area will be 
considered negligible. The relation for prediction of AERMS voltage ( VRMS) during the
orthogonal cutting can be expressed as :
V
RMS
= C j{rb V [C
f  cosa
+ C ( - ^ - )
sin0
sin0cos(0 -  a) 2 n + 2 c o s (0 -a )-]} (4.13)
AErms measured in the experiments is detected by a sensor placed at a suitable location 
on the tool holder. As the signal propagates from the three deformation zones to the 
tool and then to the transducer, transmission losses occur [23-24, 138-139, 145]. 
Hence C is the constant of proportionality, Cx and C2 are the signal attenuation 
constants to compensate for the transmission losses from primary and secondary 
deformation zones respectively.
Association of tool-chip contact length with forces, temperature and wear makes it an
important factor in the analysis of orthogonal cutting operations. A realistic chip
contact length is very vital because it exerts a significant influence on the energy rate in
the secondary deformation zone. Precise estimation of tool-chip contact length is
therefore necessary for accurate prediction of acoustic emissions in turning operations.
An in situ contact length monitoring technique was employed by Venkatesh and
Chandrasekaran [166] for measurement of contact length in turning operations.
Models for prediction of tool-chip contact length have also been developed by some
researchers. Rubenstein's model [166] for estimation of contact length
(/ — m S*n^  — — ) has been found to be reasonably accurate. When the chip
sin 0 cos ¡5
contact length as estimated by Rubenstein [46] is substituted in equation (4.13). The 
VRMS can be expressed as :
V
RMS
= C j{rb V [C
2m/sin(0 + J3 -  a) 
s in 0 c o s (0 -a )  ' ~2 (rc + 2)cos/?cos(0- a)
f  cosa + C ]} (4.14)
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For a better contribution of AE model developed in this research work, computational 
statistical analysis techniques were employed to obtain the mean values of coefficient 
Cx and C2. The values of the coefficients obtained by the computational work are 
Cx =0.00098 and C2 =0.00157 and C = 1.007. These values are for fresh tools with 
no wear-land on the tool-flank, and the source of these values will be explained in the 
next section, 4.3.2.
4 .3 .1 .2  A  N e w  M o d e l f o r  O n-L in e M o n ito r in g  o f  T oo l W ear in the C u tting  P ro c e ss
As shown in Figure 4.4, there are two types of wears on the cutting too l: regular and 
irregular [21]. The regular tool wear belongs to the crater wear on the rake face of the 
tool and the flank wear on the primary cutting edge. The flank wear often 
accompanies notch wear and groove wear occuring at the end of the flank wear land, 
and . Irregular wear includes the chipping, cracking and breaking of the cutting edge, 
which can usually be avoided according to the determination of proper cutting process 
parameters, tool and workpiece material.
Crater wear in 
Tool rake face
Nose radius
Wear land on 
tool flank
Main cutting 
edge
Average flank Maximum crater 
wear . wear depth
Section A—A
(a) (b)
Figure 4.4 Geometry of tool wear, (a) Wear zones on cutting tools, (b) Tool wear
parameters.
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During the machining process, most tool failure exists either by fracture or by 
progressive wear. The actual deterioration of cutting tool is due to the gradual wear 
rather than a sudden tool fracture. Moreover, the progressive deterioration of the tool 
flank exerts a strong influence on the newly machined surface quality and the 
dimensional integrity. The flank wear is caused by abrasive mechanisms [80], when 
the tool flank rubs on the newly formed strain-hardened surface of workpiece.
The formation of crater wear is based on the high pressure and temperature generated 
by the action of the chip flowing along the tool rake face [149]. The crater wear on the 
rake face can also result in early catastrophic tool failure from the round and edge 
breakage of the minor cutting edge, due to the weakness of the cutting edge by the 
sticking and sliding of chip and the rubbing on the tool flank.
As time elapses, both the crater wear and the flank wear are developed simultaneously,
crater wear in the secondary deformation zone and flank wear in the tertiary zone. The 
flank wear has been observed to increase the AE voltage, whereas the growth of
RMS
crater wear decreases AE  voltage, due to increase in the effective tool rake (+)
RMS
angle [139]. Hence the combined influence of the growth of both the crater and flank 
wear on the AE  is very complex. A more generalised formula considering the
RMS
wear land of tool flank and the constant of signal attenuation in the plastic deformation 
zones, can be presented as follows :
/  cosa
V rms -  C J{T abV[Q sin(/)cos(^ _ a)  +  c 2 (n +  2 )cos/?cos(</> -  a )
2m/sin(0 + /? -  a) + C377//w]} (4.15)
Lan and Domfeld [139] employed lead break calibration tests to estimate the value of 
Cj (0.2 < Cx < 0.25), and made assumptions for the values of C2 and C3 ( C2 = C3 = l).
The values of the coefficients obtained by the computational work, including the value
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of the AE signal attenuation constant in the tertiary zone, are Cx =0.00091, 
C2 =0.00142, C3 =0.00066 and C=1.002. These values are for the initial cutting with 
the measured flank wear land (VB), and show a big difference from the values 
assumed by Lan and Domfeld.
The predicted AZs values were computed on assumptions th a t: (1) the mean value
of the C is equal to 1 due to the result of the computational work, (2) the ratio (77) of 
the real and apparent contact areas between the sliding friction of the tool-workpiece 
interface and the bulk deformation of the workpiece material is also equal to 1.
Based on the full-contact SLF theory of Kopalinsky et al [151] and Li [152], as 
described in the previous chapter 3, section 3.2.2.4, the value of 77 can be derived 
from the relationship between the apprent contact pressure (pa) and the frictional shear
stress in the tool-workpiece interface. The experimental results of Kopalinsky have 
shown that the real contact area is the same as the apparent contact area, in accordance 
with the increasing apprent contact pressure. This situation can be applied to the flank 
wear land-workpiece contact in tertiary zone in orthogonal cutting operations.
In the developed equation (4.15), the energy consumption (the A £ ^  voltage) of the 
tertiary zone is significantly dependent on the cutting force (FCfiv) generated in that
zone. The cutting force in the tertiary zone depends on the apparent contact pressure 
and the friction coefficient, viz Fĉ  — p ^ p a. The cutting force increases linearly with
the increasing the flank wear land ( /^), as evident from the experimental result in this
chapter, section 4.5.2 (Figure 4.15). From this result, it can be seen that an increase 
in the flank wear land causes an increase in the apparent contact pressure in the tertiary 
zone. An increase of the apparent contact pressure with the increasing flank wear 
places the tool flank in full-contact field with the workpiece surface. Therefore, it is 
reasonable to assume that the ratio of the real and apparent contact area in the tool-
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workpiece interface (77) is equal to 1 when applied to the full-contact field theory of 
Kopalinsky and Li.
4.3.2 Determination o f AE Signal Attenuation Constants
The theoretical equation (4.15) derived from the relationships between the consumed 
energy rate and experimental AEms voltage observed in the variations of the basic
cutting process parameters, can be defined in the form of the basic regression model 
for linear analysis. The objective of the multiple regression analysis is to establish the 
ideal model with the statistically fitted AE signal attenuation constants. The mean 
value of AE signal attenuation constants was determined by computation, when the 
experinental AERMS values were compared with the theoretical AERMS values. The
correlation matrix related to the input and output variables, should be arranged to 
produce the best unbiased evaluating in the least squares estimation, and this 
substantially affects the result of the regression analysis. Steps for a regression 
analysis using the SAS are as follows :
(1) Prediction of a regression model,
(2) Construction of the correlated matrix,
(3) Writing the simplified program,
(4) Running the program,
(5) Analysis of the statistically fitted data.
The simplified fundamental structure of the linear regression analysis model can be 
defined a s :
{VRMS)2 = ^ (C ,X i + C1X2 + C,Xi ) (4.16)
Y = C,X, + C2X2 + C3X} (4.17)
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(Krais')Expt ~ C (Vrms^tiuo (4.18)
From the correlation matrix of the equation (4.17) applied in the three plastic 
deformation zones, it can be seen that the model is in the type of a simple order 
equation in not having an intercept. The equation (4.17) was substituted from the 
equation (4.15) as below :
y _ ( W
*0
(4.19)
= \ b V (4.20)
/c o s  aXl = ----- --------------
sin0cos(0 -  a)
(4.21)
Y 2m /sin(0 + / J - a )
2 (w + 2)cos/?cos(0- a)
(4.22)
II -3 (4.23)
As mentioned in the previous section, estimation of coefficients C,CP C2 ,C3, was
separated into two stages to decide the range of the value of coefficients when using 
both fresh tools and worn tools. The numeric results of the parameters ( C, Cp C2, C3)
were produced to estimate the theoretical models, which it is possible to compare the 
computed AERMS value with the measured AERMS value. The results were based on
the introduction of modern statistical techniques (SAS) using the correlation matrix 
(sample data) obtained from the relationship of independent input and dependent 
output parameters [167].
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4.4 EXPERIM ENTAL PROCEDURE
The experiments were separated into two stages. The first stage was independent of 
the flank wear, and the second stage took into consideration the flank wear. The 
experimental work was carried out to investigate the relationship between acoustic 
emission, tool condition and the cutting process parameters under general cutting 
conditions. The collected and stored AE signal data were observed to verify any 
trends between the cutting process parameters and the AERMS.
The tests of the first stage using fresh tools, were plotted to analyse the behaviour of 
the dependent output variables, such as the AEms voltage, cutting force, seize ratio in
the sticking zone and shear angle, with the variations of the basic cutting process 
parameters.
The wear tests were carried out to measure the wear land of tool flank at the second 
stage of the experimental work. After that, the experiments using the measured worn 
tools were observed in order to isolate the effects of the tool wear on the AEms
voltage and the variation of cutting process parameters. The purpose of this 
experimental stage was to study the influences between the altering basic cutting 
process parameters and increasing tool flank wear lands (initial, gradual and final 
wear). The experiments were based on the conditions of identical tests as in the first 
stage of experiments.
4.4.1 Experimental Design
Experiments were performed to verify the developed theoretical models under realistic 
cutting conditions. The experimental design for orthogonal cutting operations was 
constructed using a wide range of cutting conditions to obtain the actual RMS voltage 
of the sensed AE signal.
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As summarised the experimental design and results in Appendix B, the cutting test 
ranges of the first experimental stage were based on the simple design 
(7x5x3xl) of experiments for the correlation matrix, y/(f,V,a,b) of the basic cutting 
parameters. The feed rates and cutting speeds employed, varied from 0.15 to 0.45 
mm/rev and 150 to 250 m/min. The rake angles ranged from -5° to 5°.
Previous researchers [23-24, 138-139] verified their models through cutting tests 
which mainly employed positive rake angle tools. The negative rake angles more 
commonly used in modern industry were employed in the present research. The 
bottom of the tool shank and the tool holder bracket, was ground to make a wide range 
of tool rake angles (-5°, 0° and 5°).
Hot rolled seamless pipe made of ASTM A 106-5 IT steel, with an outside diameter of
114.3 mm and thickness of 6 mm, was used as workpiece material. However, the 
pipe was turned to reduce its thickness from 6 mm to 2.5 mm and to avoid the tool 
fracture at the high speed during orthogonal cutting operations. The specifications of 
the workpiece material are given in tables 4.1 and 4.2.
Table 4.1 The chemical composition of an A106-5 IT
Carbon (C) Manganese (Mn) Phosphorous (P) Sulfur (S) Silicon (Si)
0.27 % 0.35-1.0 % 0.04 % 0.05 % 0.12 %
Table 4.2 Mechanical properties of an A106-51T
Tensile Strength Yield Strength Hardness (BHN)
Mpa Kpsi Mpa Kpsi Hot Rolled Cold Drawn
414 60 241 35 121 149
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The indexable, CVD Tri-phase coated carbide inserts of Kennametal TPG-432 (KC- 
810) grade, corresponding to the ISO grade known as P10-P30, with no chip breaker, 
were employed at 11° clearance angle. The specifications of the workpiece material, 
tool material, the geometry of tool insert and tool holder are listed in tables 4.3 to 4.5.
Table 4.4 The Geometry of a tool insert, TPGN 220408T
Insert Shape Nose Angle Relief Angle Tool thickness Nose Radius
Triangular 60° 11° 4.76 mm 0.8 mm
Table 4.3 Tool grade and composition
Tool nsert Tool Grade Composition
ISO ANSI ISO ANSI CVD Tri-phase
TPGN 220408T TPG - 432T P 10 - P 30 C 6 - C 7 TiC/TiC-N/TiN
Table 4.5 Identification of tool holder, CTGPR -2525 M22 (Right hand)
Type of angle Side cutting edge angle Insert clearance angle Cutting edge length
Positive 5° 11° 22 mm
The second stage experiments were also carried out to identify the validity of the 
theoretical model developed with considering the wear land of tool-flank under 
particular cutting conditions. The cutting conditions were determined to simulate the 
experimental conditions as closely as possible to practical machining operations.
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The cutting tests range of the basic cutting process parameters was based on the simple 
factorial design (33x2) of experiments for the correlation matrix, y/(f, V, a , l ^ b ) .  As
listed in table 4.6, the feed rates and cutting speeds varied in the range of low, 
intermediate and high. The rake angles employed in the experiment were at the 
positive and negative rake angle (5° and -5°).
Table 4.6 Cutting process parameters and limits
Items Ranges Remarks
Input Variables Units Low Intermediate High Coated tool
Feed rate mm/rev 0.15 0.3 0.45 _
Cutting speed m/min 150 200 250 _
Rake angle deg -5 +5 Ground toolholder
Wear land mm 0.289 0.493 0.687 -
Width of cut mm 2.5 2.5 2.5 -
4.4,2 Experimental Set-up
An Hitachi Seiki Hitec CNC Lathe (Hi 20 SH) was employed in conducting the cutting 
tests for verification of the model. Figure 4.5 shows a schematic arrangement of the 
experimental set-up. The modified tool holder along with the insert is mounted on a 
3D Kistler 9272 dynamometer which is rigidly bolted on the CNC lathe turret through 
a specially designed bracket.
A piezo-electric AE transducer, PAC 1151 (150KHz, Resonant frequency) with an 
inbuilt preamplifier was mounted on the ground and finished end of the tool holder for 
collection of acoustic emissions generated during the turning operations.
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The amplified force signals and the collected AE signal (40 dB Gain) are all 
synchronously digitised through a 4 channel A/D converter and stored on the hard disk 
of an IBM 386 computer for analysis at a later stage.
Figure 4.5 Experimental set-up.
In the experimental stage one, the triggering voltage of 1.25 V was employed only for 
triggering the A/D converter, so as to record the RMS voltage of AE signals from the 
time the cutting tool engaged the workpiece and commenced orthogonal cutting action. 
However, in the experimental stage two, the stored and converted mean values of 
A E RMS voltages, were obtained by normal tests without triggering A E RMS voltages in
the A/D converter. This was in order to avoid the low RMS voltage of AE signals 
triggered as soon as the cutting tool approached the workpiece material.
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4.5 RESULTS AND DISCUSSION
4.5.1 Experim ental stage one
The cutting tests were performed in such a way that when one input parameter was 
varied, all other input parameters were maintained as constant. The averages of all 
measured values of AERMS, cutting force Fc and the tangential force Ft were estimated 
and employed for computation of the predicted AEms values and the plotting of 
graphs. The width of cut was observed to have no influence on AEm s magnitude 
[139], and hence was maintained constantly at 2.5 mm in the present tests.
Figure 4.6 shows the influence of cutting speed on the Experimental AERMS voltage. 
A similar trend is also observed when predicted AERMS is plotted against the cutting
speed (Figure 4.7). Increased cutting speed appears to increase both the measured and 
predicted AEm s  voltage. The cutting tool rake angle also appears to have a distinct 
effect on both the measured and predicted AERMS, as evident from Figures 4.6 and 
4.7, and confirmed in Figures 4.8 and 4.9.
Cutting speed (m/min)
Figure 4.6 Variation of measured RMS values in cutting zones with cutting speeds.
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Cutting speed (m/min)
Figure 4.7 Variation of predicted RMS values in cutting zones with cutting speeds.
The cutting forces produced when cutting with 5° rake angle tools have been observed 
to be much smaller when compared with 0° or -5° rake angles, and hence the resultant 
decreased AERMS. The decrease in AERMS with an increase in positive rake angle,
contrasts the results of orthogonal cutting tests observed by Kannatey-Asibu and 
Domfeld [24], when turning AA6061-T6 aluminium and SAE 1018 steel, and those of 
Lan and Domfeld [139], when cutting SAE 4310 steel.
The AErms was found to increase with increasing positive rake angle. The model 
developed by Domfeld and K-Asibu [23] employed a proportionality factor C. This 
proportionality factor was grouped with the sine function of rake angle (ie sin a )  in 
their another model [24] for prediction of AERMS. However this modified model has 
still a very important limitation of not being able to predict AERMS when a zero rake
angle tool is employed.
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The predicted AERMS based on the consumed energy rate of the cutting operation, is 
influenced by dependent and independent cutting parameters, including shear angle, 
cutting forces, stresses, the tool-chip contact length, cutting speed, rake angle and feed 
rate.
The AErms decreases with the increasing rake angle as predicted by the present model 
and confirmed by the experimental results (Figures 4.8 and 4.9). It is also worth 
noting that the AERMS appears to be in good agreement with that experimentally 
measured.
Rake angle (deg.)
Figure 4.8 Variation of predicted RMS values in cutting zones with rake angles.
The present model (Equation 4.13) eliminates such a limitation, and is able to predict 
the AErms values for tools with negative, zero and positive rake angles employed for
orthogonal turning (Figure 4.8).
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Rake angle (deg.)
Figure 4.9 Variation of measured RMS voltage in cutting zones with rake angles.
The parabolic constant is a very important factor in estimation of AERMS values when 
using the present model. An examination of equations (4.8), (4.9) and (4.11), 
derived on the basis of relationships established by Zorev [19], indicates that the 
length ratio of the sticking to sliding zone will vary with the variation of cutting 
parameters. The present findings (Figures 4.10 and 4.11), however, appear to 
contradict the assumptions made by K-Asibu and Domfeld [24], that the length of the 
sticking zone is equal to half of the total chip contact length.
The seize ratio as indicated in Figures 4.10 and 4.11 increases with increases in the 
cutting speed and rake angle. It is significantly lower than the value of 0.5 assumed 
by K-Asibu and Dornfeld. The present results concerning seize ratio tend to agree 
with the assumption made by Schmenk [138], that the length of the sliding zone is 
greater than that of sticking zone on the tool-chip interface.
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Figure 4.12 shows a plot between average experimental AEms and average theoretical 
AErms obtained by ignoring the influence of both the cutting speed and feed rate on the
values. The straight line relationship indicates a fairly close agreement between the 
predicted and experimental AEm s  values.
Theoretical RMS voltage (mV)
Figure 4.12 The theoretical RMS values versus the actual RMS values.
Cutting force (N)
Figure 4.13 The actual RMS values versus cutting forces.
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The experimental AERMS in Figure 4.13 represents the average of the measured values
by ignoring the influence of cutting speed and feed rate. The cutting force appears to 
have a significant influence on the AERMS as evident from the experimental
observations (Figure 4.13) and the model.
The experimental observations of chip thickness were employed to estimate the shear 
plane angles in the shear deformation zones. The shear plane angle appears to 
influence the predicted AERMS in orthogonal turning operations (Figure 4.14). This 
trend is also confirmed by the AERMS observations from orthogonal cutting tests 
(Figure 4.15). The increased rake angle of the tools results in larger shear plane 
angles and greater dislocation speeds, thus causing higher acoustic emission for the 
negative rake angle tools.
>
e
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S-HPH
Shear angle (deg.)
Figure 4.14 Variation of predicted RMS values in cutting zones with shear angles.
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Shear angle (deg.)
Figure 4.15 Variation of measured RMS values in cutting zones with shear angles. 
4.5.2 Experim ental Stage Two
Experiments were carried out to study systematically the influences of the dependent 
output variables on the variations of the tool flank wear, during two-dimensional 
cutting operations. As can be seen in equation 4.15, the investigation of the 
quantitative relationships between the A E m s  voltage and the energy content increasing
with an increase in the flank wear land, would be essential so as to verify the validity 
of the theoretical model developed for prediction of the A E RMS. The growth of tool­
flank wears (VB) were observed, as shown in Figure 4.16. The range of wear lands 
in the wear tests was from 0 mm (initial cutting stage with the fresh tool) to 0.687 
mm.
The wear tests on four similar inserts (TPGN 220408T P10-P20) were conducted by 
employing four combinations of cutting speed and feed rate as shown in Figure 4.16. 
With the first insert when it was fresh tests were performed to study the effects of 
cutting speed, feed rate and rake angle on the AEm s  voltage. For variation of rake
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angle the insert was mounted on a different tool holder and then the tests were carried. 
After these short tests, long wear test on this insert was continued till maximum 40 
minutes cutting. The observations of the AEm s voltages, cutting forces and chip-
thickness were taken at several intermediate stages of this long wear test, as can be 
seen in Figures 4.17 to 4.20. The cutting operation was temporarily stopped for 
measurement of wear.
The long wear test with the first insert was interrupted after 20 minutes of cutting 
(0.289 mm wear) to perform tests to study the effect of cutting speeds, feed rates and 
rake angles. As in previous test, for the variation of rake angle the insert was mounted 
on a different tool holder and then tests were conducted. The insert wear was 
measured before and after this intermediate set of tests. The growth of wear due to 
this intermediate set of tests was observed to be very small and negligible. After these 
tests, the long wear test was continued with this insert till 40 minutes of cutting. 
Again at several intermediate stages of this long wear test, observations of the AERMS
voltages and cutting forces were taken. The cutting operation was temporarily stopped 
for the measurement of respective tool flank wear.
The long wear test with the second insert was interrupted after 30 minutes of cutting 
(0.493 mm wear) to conduct tests to study the effects of cutting speeds, feed rates and 
rake angles. The tool holder of the insert was changed to allow variation in rake 
angle. The insert wear was also measured before and after this intermediate set of 
tests. The growth of wear due to this intermediate set of tests was observed to be very 
small and therefore neglected. After these tests, the long wear test was continued with 
this insert till 35 minutes of cutting. Again at several intermediate stages of this long 
wear test, observations of the AEms voltages and cutting forces were taken. The
cutting operation was temporarily stopped for the measurement of respective tool flank
wear.
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The long wear test with the third insert was continued till 25 minutes of cutting. 
However, this insert was not utilised to conduct tests to study the effects of cutting 
speeds, feed rates and rake angles due to the cutting edge chipping.
The long wear test with the fourth insert was interrupted after 25 minutes of cutting 
(0.687 mm wear) to perform tests to study the effect of cutting speeds, feed rates and 
rake angles. As in previous test, for the variation of rake angle the insert was mounted 
on a different tool holder and then test were conducted. The insert wear was measured 
before and after this intermediate set of tests. The growth of wear due to this 
intermediate set of tests was observed to be very small and negligible. Again at 
several intermediate stages of this long wear test, observations of the AEms voltages
and cutting forces were taken. The cutting operation was temporarily stopped for the 
measurement of respective tool flank wear.
Except for the initial stage of cut (2.5 minutes), machining operations were 
periodically interrupted for measurement of wear lands on the tool-flank at 5 minutes 
intervals. The stop time of the machining was based on the points computed from the 
relationship between the cutting length and the cutting time. Machining was also 
stopped to remove the tangled continuous chip after every 20 mm cut, in order to 
prevent small chipping on the cutting tool edge from the tangled continuous chip. As a 
result, the measured wear lands have not taken into consideration the influences of the 
high temperatures generated in continuous cutting. When the machining was restarted 
after interruption to measure the total amount of the flank wear, the small piece of 
cutting edge chipping, which sometimes occurred in the middle or final of wear test, 
was not avoidable. Measuring the average wear length on the tool flank with 
sufficient accuracy was very difficult on occasions because of the large scatter.
Figure 4.16 shows the growth of flank wear land on a 5° rake angle tool in relation to 
the elapsed cutting time. The wear lands rapidly increase between 20 and 35 minutes.
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The result shows a trend similar to the trend of the minor flank wear created in the 
oblique cutting processes using the ceramic coated tool [155] and the carbide tool 
[168]. The critical points at which the flank wear land begins to accelerate, vary 
between 0.412 mm and 0.506 mm. However, the measurement of a particular tool 
wear through the experiments suggests that using relatively softer tools will save both 
time and costly tool wear experiments.
0.0*— '— 1— 1— — — ^ - ---- -
0 5 10 15 20 25 30 35 40
Elapsed cutting time (min)
Figure 4.16 Variation of flank wear (VB) in elapsed cutting time.
When the flank wear increases, the RMS voltage of AE signals tends to increase, as 
shown in Figure 4.17. The measured A E RMS voltage abruptly increases when the
level of the flank wear land arrives at between 0.128 mm and 0.161 mm, which 
corresponds to the tear off the coating on the tool rake face. This result shows a close 
agreement with the results observed by the previous researchers, in which the level of 
the A E msvoltage on the flank wear land is similarly increased and saturated at 0.13
mm to 0.15 mm [153-155] and 0.16 mm to 0.18 mm [156]. On the other hand, as 
can be seen in Figure 4.17, the level of tht A E RUS decreased at some intermediate
levels of the wear land (0.227-0.319 mm), when the coating had worn through to the
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bare face of the tool [155]. This phenomenon can be attributed to the influence of the 
development of crater wear [154, 156], which causes increase in effective rake angle. 
Therefore, it is noted that the level of the A E m s  voltage is dependent on the tool flank
wear land, development of the crater wear, the cutting fluids [169], and the material of 
the tool and workpiece [169].
Flank wear land, VB (mm)
Figure 4.17 Variation of the experimental RMS value with flank wear.
There are minor limitations in the accurate measurement of cutting forces, because of 
the difficulty in measuring the forces (cutting, tangential and radial forces) triggered 
simultaneously in the A/D converter, but in these experiments the cutting force appears 
to have a significant effect on the variation of cutting process parameters.
As evident from the experimental observation shown in Figure 4.18, the cutting forces 
varied linearly with the development of the wear land and decreased at some 
intermediate levels of wear lands. The cause of the decrease of cutting forces in some 
intermediate flank wear levels is the increase of effective rake angle at the point at 
which the crater wear increases on the tool rake face [9].
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Flank wear land, VB (mm)
Figure 4.18 Variation of cutting forces with flank wear (VB).
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Figure 4.19 Variation of the measured chip-thickness with flank wear (VB).
Chip thickness generally increases with the increasing feed rates and rake angles, and 
decreasing cutting speeds. An increase of chip thickness makes a decrease in a shear 
plane angle, and the shear plane angle gives an influence of the cutting force and the 
tool wear such as crater wear on the tool rake face. However, as shown in Figures
100
4.19 and 4.20, the measured chip thickness does not have a strong effect on the 
variations of the cutting forces and flank wear lands.
From the results in Figures 4.19 and 4.20, it can be predicted that the cutting 
mechanism of the tertiary deformation zone does not affect the shear plane angle which 
plays an important role in the primary and secondary deformation zones. The results 
in Figures 4.19 and 4.20 obtained by using the measured flank wear land, show a 
similar trend to the results of experiments using artificial (ground) wear lands [7, 
150].
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Figure 4.20 Variation of the measured chip-thickness with cutting force.
Figures 4.21 and 4.22 show the effect of tool-flank wear on the measured and 
predicted A E m s  voltage for different cutting speeds. It can be seen that both the mean 
A E  values increase in portion to the amount of the flank wear land. In all, the 
measured and predicted A E RMS increase linearly at a constant cutting speed, with an 
increase in the flank wear land. The plotted A E m s  values were calculated by taking 
the average values, without considering the effects of feed rates and rake angles.
n V= 150 m/min, f=0.15 mm/rev, R/A=5 
VB=0-391 mm
°  V=200 m/min, f=0.15 mm/rev, R/A=5
VB=0-0.687 mm
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Flank wear land, VB (mm)
Figure 4.21 Variation of experimental RMS values in various cutting zones with flank 
wear (VB) for different cutting speeds.
Flank wear land, VB (mm)
Figure 4.22 Variation of theoretical RMS values in various cutting zones with flank 
wear (VB) for different cutting speeds.
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Flank wear land, VB (mm)
Figure 4.23 Variation of experimental RMS values in various cutting zones with flank 
wear (VB) for different rake angles.
Flank wear land, VB (mm)
Figure 4.24 Variation of theoretical RMS values in various cutting zone with flank 
wear (VB) for different rake angles.
As shown in Figures 4.23 and 4.24, both the measured and predicted A E RMS voltages 
increase as the wear land of the tool-flank increase. However, values in the two
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straight lines plotted using different rake angles (-5° and 5°) indicate that the A E m s  
voltages decrease with the increasing rake angles in the increasing flank wear lands.
These results shown in Figures 4.21 to 4.24, indicate a similar trend to the 
experimental results of the first stage, demonstrated in the initial cutting, when sharp 
tools which ignore tool flank wear were used. This results were published by the 
present author [145]. Through the contrast of these two results, it is clear that the 
A E rms value conspicuously increases with the increasing flank wear [109], as the
cutting speed increases and the rake angle decreases.
The magnitude of the cutting force in Figure 4.25 changes significantly as the cutting 
edge on the rake face is progressively worn, and the cutting force decreases when the 
rake angle increases. Hence the average cutting force is directly related to the amount 
of tool wear. Cutting forces shown in Figure 4.25 are the average of the experimental 
values computed by ignoring the influences of feed rates and cutting speeds.
Flank wear land, VB (mm)
Figure 4.25 Variation of the average cutting force with flank wear (VB) for different 
rake angles.
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On the basis of the experimental results in Figures 4.21 to 4.25, the average A E m s  
can be predicted by the simple equation as given by :
(yR M s \v e  = +  (VRM s)i (4.24)
(F c)ave= e V B  +  (F c) i (4.25)
Where, e  is the gradient of the plotted function. (V RMS)i and (F c)i represent the initial 
A E rms voltage and cutting force obtained at the initial cutting stage using sharp cutting 
edge tools.
Measured cutting force (N)
Figure 4.26 Relationship between the experimental RMS value and cutting force for 
the variation of flank wear lands.
Figures 4.26 and 4.27 show the plots between the average experimental A E RMS, the 
average experimental cutting force, and the average theoretical A E RMS obtained without 
taking into account the effects of either the feed rate or the rake angle on the measured
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value. Generally, the AE techniques analysed in cutting tests have indicated a higher 
sensitivity than the cutting force measurement technique [155]. However, Figure 4.26 
shows a good relationship between the cutting forces and the A E m s values. The 
A E rms voltages in Figures 4.26 and 4.27 were calculated by taking the average value 
of each of the cutting speeds (150, 200 and 250 m/min) for different flank wear lands 
(VB), without considering the effects of the feed rate and rake angle. The linear 
relationship between the predicted and measured A E m s values indicated in Figure
4.27, is satisfactory.
Measured RMS voltage (mV)
Figure 4.27 Relationship between the computed RMS value and the experimental 
RMS value for the variation of flank wear lands.
4.6 CONCLUSIONS
1. The interaction of many factors in a turning operation makes AE generation very 
complex. The development of an analytical model for prediction of AEm s  in
turning operations is therefore difficult. Some realistic assumptions concerning
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the tool and deformation process were made. They were necessary to develop 
new models for prediction of AEm s  in orthogonal cutting operations .
2. The models have been verified by experimental observations of AEm s  voltage 
and found to be accurate under a wide range of cutting conditions. 
Computational statistical analytical techniques were employed in this research to 
eliminate the problems faced by previous researchers [23-24, 138-139], in 
estimation of proportionality and signal attenuation constants generated in the 
plastic deformation zones.
3. Seize ratio values have been determined based on realistic assumptions of the 
frictional stresses in the sticking and sliding zones on the tool-chip interface. 
These values are significantly different from those previously employed by 
Kannatey-Asibu and Domfeld [24].
4. The influence of some input and output parameters of the turning operation on 
acoustic emission has been examined in the experimental stages one and two. 
The results of the experiments indicate that the variations of cutting process 
parameters have major effects on acoustic emission signal generation. The 
variations of cutting process parameters have shown a significant potential for 
prediction of the energy rate consumed in orthogonal cutting operations with both 
fresh and worn tools.
5. In the experimental stages one and two, both the measured and predicted AERMS 
have been observed to increase with the greater cutting speed, cutting force and 
shear plane angle. However with an increase in positive rake angle of the tools, 
the AErms was found to decrease. A linear relationship showed between the
measured AERMS and cutting forces.
6. The correlation between the flank wear and the crater wear in the orthogonal 
cutting operations, was investigated in the second stage of the experimental 
work. The level of the AERMS and cutting force have been measured to increase 
with the flank wear. However, both the measured AERMS and cutting force were
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observed to decrease with the flank wear at certain intermediate wear levels by the 
bare face of the coating on the tool flank and rake face.
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CHAPTER FIVE
EMPIRICAL MODELS FOR PREDICTION OF 
ACOUSTIC EMISSIONS
5.1 INTRODUCTION
Estimation of the state of the cutting tool is one of the major obstacles to on-line 
process control and optimisation of the metal cutting process. Monitoring and 
diagnosis of the tool condition in cutting operations are essential for reliability and the 
implementation of adaptive control which is vital for productivity and manufacturing 
efficiency. One possible solution for assessment of the tool condition in-process 
cutting operations is to establish the empirical mathematical models based on the 
experimental tests.
This chapter will discuss first the results obtained in the two stages of the detailed 
experimental studies. Based on the effects of cutting process parameters on the AEms
voltage generated during orthogonal cutting operations, this chapter proposes the 
development of empirical models. The three types of empirical equations (curvilinear, 
polynomial and linear equations) have been developed by multiple regression analysis 
techniques using standard statistical package (SAS). Also, the accuracy of the 
mathematical equations developed will be verified by the SAS program. In addition, 
the effective interactions of cutting process parameters were investigated and evaluated
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by the regression analysis. Accordingly, the focus of this chapter is (1) to develop all 
mathematical equations and (2) to find the best mathematical model in conjunction with 
the basic cutting process parameters and AERMS output. With the help of statistically
computed equations using regression analysis techniques, the best condition of the 
cutting tool and the cutting process parameters can be determined based on the 
variation of AEms values. Once this has been done, guidelines for selection of the
most important and effective cutting process parameters can be established.
5.2 EXPERIMENTAL WORK
5.2.1 Selection o f  Basic Cutting Process Parameters
In general, a major difficulty for cutting process optimisation is the number of cutting 
parameters involved. The usual single variable experiment which changes one 
variable at a time relative to the other fixed parameters, is unsuitable in testing a 
complex system such as the metal cutting process. However, the statistical design of 
experiments which are based on a simple factorial technique and involve simultaneous 
variations of all the variables, greatly reduces the number of trials and enables 
mathematically reliable predictions to be made of the optimum conditions [170, 171]. 
Therefore, it was decided to use a well established statistical tool at the level of a 
simple factorial technique in designing the experiments which reduce the experimental 
runs to the fewest possible.
The cutting process parameters which affect the RMS voltage of AE signals and 
overall workpiece quality in metal cutting operations are :
• feed rate ( /  : mm/rev)
• cutting speed ( V : m/min)
• rake angle ( a  : deg)
• width of cut (b : mm)
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• depth of cut (d  : mm)
• flank wear land ( :  mm)
• tool-chip contact length (/: mm)
• tool material and its condition
• tool shape, surface finish, and sharpness
• workpiece material, condition, and temperature
• cutting fluid
In studying the effects of these parameters which significantly affect the dependent 
output variables, it is essential to control these cutting process parameters. The 
dependent output variables include : surface finish, dimensional accuracy, wear and 
failure of the cutting tool, force and energy dissipated in the cutting process, the type 
of chip produced and temperature rise in the workpiece, the chip, and the cutting tool. 
The basic cutting process parameters which have been employed for investigation of 
the effects of cutting process parameters on the AEms voltage are feed rate, cutting
speed, rake angle and flank wear land (VB).
5.2.2 Experimental Procedure
As described in the article on experimental procedure in chapter 4, sections 4.5 and 
4.6, the experimental conditions (ie the experimental design and set-up), the cutting 
conditions (ie the workpiece and tool material, the geometry of tool and tool holder, 
and the range of cutting process parameters) and the experimental results were based 
on the previous experiments which were separated into two stages. The first 
experimental stage provides a study of the effects of cutting process parameters on the 
AErms voltage. The second experimental stage takes into consideration the effects of
tool flank wear. Experimental results of these two stages were employed for the
development and verification of empirical models.
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5.2.3 Design o f Correlation Matrix
Simple factorial experiments [170] (32x5 and 33x2), which would provide sufficient 
data for determining the relationship and interaction between the cutting process 
parameters and the AERMS voltage, were designed keeping in mind the limitations
described in chapter 4, section 4.5. The cutting test ranges of the first experimental 
stage for sharp tools used the three cutting process parameters which ignored the effect 
of the flank wear. The three levels of low, intermediate and high ranges were used in 
feed rate (0.15, 0.30 and 0.45 mm/rev) and rake angle (-5% 0° and 5°). Five cutting 
speeds were employed : 150, 175, 200, 225 and 250 m/min. Width of cut remained 
constant at 2.5 mm for all experiments.
Four factors were employed in the second experimental stage to isolate the main 
effects of the tool wear. As listed in table 4.6 of chapter 4, the feed rates and cutting 
speeds varied in the ranges of low, intermediate and high. The rake angles employed 
in the experiment were at the positive and negative rake angle (5° and -5°).
The levels were selected, partly in anticipation of known consequences of change and 
partly in respect of quality control. The cutting process parameters determined in 
factorial design are important and have a significant effect on the variations of the 
dependent output parameters.
5.3. EXPERIMENTAL RESULTS
Forty-five tests were carried out using fresh tools and 54 tests were performed by 
using tools with measured wear. The results of these tests were employed to examine 
the relationships between cutting process parameters, tool conditions and the AEms
voltage under realistic cutting conditions. A summary of experimental tests in terms of
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cutting process parameters and the A E RMS voltage is given in Appendix C. 
Experimental results were also used for development of empirical mathematical 
models, when using sharp and worn tools. The experimental results were arranged to 
link the mean values of the A E m s  voltage measured with changes in cutting process
parameters.
Figures 5.1 and 5.2 show the effects of each cutting process parameter on the A E RMS 
voltage without consideration of the flank wear land (VB), and Figures 5.3 to 5.5 
give the results considering the wear land of tool flank.
Figure 5.1 shows the influences of the cutting speed and rake angle on the measured 
average A E RMS voltage. The average A E RMS were calculated by taking the average of
all measured values without considering the effect of the feed rate. As can be seen in 
Figure 5.1, it is noted that the voltage of the A E RMS decreases with an increasing rake
angle and increases with an increasing cutting speed.
Cutting speed (m/min)
Figure 5.1 Relationship between measured RMS values and cutting speeds.
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The effect of the rake angle and feed rate on the measured A E RMS shown in Figure 
5.2, indicates that the A E RMS value decreases as the rake angle increases, but it
increases as the feed rate increases. The results show a similar experimental trend as 
compared with the results of previous researchers [107]. The average A E m s  values
were produced by taking the average of all values without taking into account the 
effects of the cutting speed.
Rake angle (deg.)
Figure 5.2 Relationship between measured RMS values and rake angles.
Figure 5.3 indicates a distinct effect of the cutting speed and flank wear land (VB) on 
the measured A E m s  voltage. As evident from the experimental observations (Figure 
5.3), the A E rms values increase when the cutting speed increases, and it significantly 
increases when the flank wear land increases. The result was observed a similar 
trend as the experimental work done by previous researchers [109]. The average 
A E  values were calculated by taking the average of all values without considering
RMS
the effects of the feed rate and rake angle.
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Cutting speed (m/min)
Figure 5.3 Variation of measured RMS values with cutting speeds for different flank 
wear lands (VB).
Wear land of tool flank, VB (mm)
Figure 5.4 Variation of measured RMS values with flank wear lands (VB) for 
different rake angles.
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Figure 5.4 displays the effect of flank wear land (VB) and rake angle on the 
experimental A E RMS voltage. The result indicates that the A E RMS voltage increases
with the increasing flank wear land, but it decreases with the increasing rake angle 
(from -5° to 5°). The values of the average A E RMS were plotted by taking the
average of all values, ignoring the effects of the cutting speed and feed rate.
Figure 5.5 shows the influence of the flank wear land and feed rate on the 
experimental A E m s  voltage. The increasing wear land causes an increase in the 
A E RMS value, and the A E RMS value also increases when the feed rate increases. The 
average A E RMS values were calculated by taking the average of all observed values, 
without considering the effects of the cutting speed and rake angle.
Wear land of tool flank, VB (mm)
Figure 5.5 Variation of measured RMS values with flank wear lands (VB) for 
different feed rates.
When comparing the variation of the measured A E m s in Figures 5.1 to 5.5, similar 
trends in the changes of A E RM$ values were observed in experimental tests. Figures
5.1 and 5.2 ignored flank wear lands (VB). But Figures 5.3 to 5.5 considered the
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different stages of flank wear lands (VB). The AERMS voltage increases with the
decreasing rake angle when using sharp tools (Figure 5.2), and increases with the 
increasing flank wear land (Figure 5.5). An increase of AERMS voltages with the
increasing flank wear in orthogonal cutting operations can be attributed to the 
influence of the decrease of end clearance angle at the tool flank caused by abrasive 
mechanism [80].
5.4 DEVELOPM ENT OF MATHEMATICAL MODELS
5.4.1 Derivation o f  Empirical Mathematical Models
The experimental results have shown that the AERMS voltage is influenced by cutting 
speed, rake angle, feed rate and flank wear land. The mathematical model can be 
effectively employed for prediction of the optimal cutting conditions in the cutting 
process. Therefore, a formalised model for process optimisation could successfully 
establish combinations of cutting process parameters. The models formed by 
statistically fitted constants can be separated into two types of empirical mathematical 
models according to whether they neglect or consider the wear land of the tool flank. 
The dependent output variable (Y), called the response parameter, is an AERMS
voltage in relation to the basic cutting process parameters :
Y = i / / ( f , v , a ) (5-1)
Y=Wif’V’a’1̂  (5 ' 2)
Where /  is feed rate, a  is rake angle, V is cutting speed and lJW is flank wear land.
Likewise, the empirical mathematical models can also be categorically divided into 
three parts :
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(1) Curvilinear equation
(2) Polynomial equation
(3) Linear equation
Investigation of the effects of cutting process parameters on the AEms voltage and 
the relationships between input and output parameters, would provide a clear 
knowledge of methods suitable for prediction of output parameters and estimation of 
the cutting tool wear.
Teti and Dornfeld [107] introduced curvilinear formulae for oblique cutting 
operations which assumed a linear relationship between the VRMS and the cutting
conditions, such as the cutting process parameters 0.05 < / <  0.10, 400 < V < 1200 
and 0.1 < d < 0.2, and the cutting tools TPG 321 and TPG 322, and aluminium and 
brass as workpiece materials. The fundamental concept of the formula was as 
follows :
VRMS = K { f) \V )b(d)c + D (5.3)
where, K ,a,b  and c are statistically fitted constants, d is depth of cut. D is offset 
value for the equation.
However, the above model did not take into consideration the influence of the 
effective rake angle ( a e) [1], which is one of the significant important cutting process
parameters for oblique cutting operations. Teti and Dornfeld only developed the 
curvilinear equation. Other models such as a polynomial and linear models were not 
considered for finding the best equation for the empirical models. Also, the models 
did not incorporate the effect of the flank wear land (VB).
Ravindra, Srinivasa and Krishnamurthy [72] proposed the curvilinear equation, 
called the log-linear model, in order to estimate force components for sharp cutting
Chapter 5 Empirical Models for Prediction of Acoustic Emissions 118
edge tools in the oblique cutting. Using the statistical package SPSS, force models 
for prediction of the three component forces (cutting force, tangential force and radial 
forces) were developed, incorporating cutting speed, feed rate and depth of cut.
Fw  = K (f)a(V)b(d)c (5.4)
Among the equations proposed by [72], linear equations were also presented to 
describe the effect of flank wear on the cutting force components when considering the 
machining time in seconds, as follows :
Vb = aY+ a2Fx + azFy + a4Fz + a5T (5.5)
Where Vb is the wear land of tool flank. av a2,a3,a4 and a5 are statistically fitted 
constants. Fx, Fy and Fz are cutting force, tangential force and radial force,
respectively. T is machining time in seconds.
5.4.2 New Empirical Mathematical Models
Best fit equations for investigating the interrelationship of cutting process parameters 
and the AEms voltage, were computed by using the standard statistical techniques
such as multiple regression analysis. These analyses were performed with the help of 
a standard statistical package program, SAS, using an IBM compatible personal 
computer [167].
5.4.2.1 Development o f empirical mathematical models for prediction o f the AERMS 
voltage using fresh tools
The following curvilinear, polynomial and linear equations for predicting the AEms
voltage and correlating cutting process parameters were derived from the experimental
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data. The response parameter Y, could be expressed by three major cutting process 
parameters of the orthogonal cutting operation using the sharp cutting edge of fresh 
tools.
YiLog) = K (f)a (90+ a f ( V y  (5.6)
The polynomial model which includes the main effects of cutting process parameters 
and first order interactions, can be expressed as :
Y(Pol) ~ a\ + a2f +  a-i(90 + a)+  aAV + a5f  (90 + a)+  a6jV  + ^ (9 0  + a)V  (5.7)
The experimental results were used for studying linear and first order interactive 
effects between the cutting process parameters and the AEms voltage. The technique
of arriving at the polynomial equation involves an analysis of the variance (ANOVA) 
test which quantified the effects of cutting process parameters on the variation of the 
AErms voltage. This has been done in order to verify the significance of each cutting
process parameter on the optimisation variable, and detect whether there were any 
interaction effects among the cutting process parameters themselves. Next the multiple 
correlation coefficient and the Fisher's F-ratio were employed to gauge 
appropriateness of fit and indicate the significance of each of the cutting process 
parameters. As a result, a function based on the analysis of variance was developed 
for describing the experimental results.
The linear equation for orthogonal cutting operations can be expressed as :
Ym ) =b,+ b j  + b} (90 + a) + b4 V (5.8)
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Where K ,a ,b ,c , and bx,¿>2,b3,b4 are statistically fitted constants,
and estimation of these values is required to be determined from the sampled data. /  
is feed rate, a  is rake angle. V is cutting speed.
The basic models for curvilinear (log-linear), polynomial and linear equations in 
orthogonal cutting operations are obtained from the experimental outputs, as shown 
below :
The curvilinear equation for a sharp cutting edge tool is :
VRMS{Log) = 2.4691(/)00091(90 + a)-°-3017(V)0-2457 (5.9)
The polynomial equation for a sharp cutting edge tool is :
Vrms{Poi) = 1-1458 + 0 .6318/  + 0 .0082(90 + a) + 0 .0073V
+0.0033fV  -  0.0133/(90 + a) -  0.00001(90 + a)V  (5.10)
The linear equation for a sharp cutting edge tool is :
^RMS(un) = 2-3912 + 0-0964/ -  0.0078(90 + a) + 0.0029V (5.11)
Where Vms = the RMS voltage of acoustic emission signals, subscript (Log) = 
curvilinear regression analysis, subscript (Pol) = polynomial regression analysis, and 
subscript (Lin) = linear regression analysis.
The standard error of estimates SEE, coefficients of multiple correlations R,
coefficients of determinations R2 for three equations (5.9) to (5.11) are listed in table
5.3. These results of the computational work indicate the accuracy of the developed
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empirical mathematical models and the significance of the computed coefficients. It is 
noted that the coefficient of multiple correlation for equation (5.10) is higher than 
those for equations (5.9) and (5.11), but all the models are adequate.
Table 5.1 Analysis of variance tests for empirical models using sharp tools.
Models SEE R 100R2
Log-linear (Eq 5.9) 0.2443 0.9108 82.96
Polynomial (Eq 5.10) 0.1480 0.9309 86.66
Linear (Eq 5.11) 0.1672 0.9184 84.34
5.4.2.2 Development o f empirical mathematical models for prediction o f the AERMS 
voltage using worn tools
Based on the functional form of three empirical models described in previous section 
5.4.2.1, the mathematical models which can indicate the condition of the cutting tool, 
can be proposed from the quantitative relationship between cutting process parameters 
including the levels of flank wear lands and the AEms voltage. The statistical models
determined from the experiments are as follows :
The curvilinear equation for a worn cutting edge tool is :
VmS{Log) = 2.3088(/)00083(90 + a )_0 1939(V)°'2150(//w)0'1424 (5.12)
The polynomial equation for a worn cutting edge tool is :
V = 2  0237 -  0.3681/ -  0.0015(90 + a) + 0.0043V + 0.29267
v RMS(Pol) J J
-0.0009fV  + 0.0071/(90 + a) + 0.0521 
-0.00003(90 + a)V  + 0.0033(90 + «)/„. -  0.0012 VI/w (5.13)
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The linear equation for a worn cutting edge tool is :
^ RMS (Lin) ~  2.1337 + 0.1163/ -  0.0058(90 +  a )  +  0.0030V + 0 . 8 5 2 9 ( 5 . 1 4 )
Table 5.2 Analysis of variance tests for empirical models using worn tools.
Models SEE R 100R2
Log-linear (Eq 5.12) 0.1814 0.9399 88.35
Polynomial (Eq 5.13) 0.1293 0.9620 92.55
Linear (Eq 5.14) 0.1596 0.9547 91.14
The standard error of estimates (SEE), coefficients of multiple correlations (R) and 
coefficients of determinations (R2) for the equations (5.12) to (5.14) given in table
5.4, indicate that the coefficient of multiple correlation of equation (5.13) is higher 
than those of equations (5.12) and (5.14), but all equations are equally useful for 
prediction of the AEms voltage due to the insignificant differences in accuracy of the
equations.
5.4.3 Correlation Coefficients o f Mathematical Models
Some significant statistical outputs employed in the present research work for 
comparison of different equations are : the standard error of estimates (SEE), the 
coefficient of multiple correlation (R), the coefficient of determination (R2) and F 
values [167].
The standard error of estimates denotes the deviation of a dependent output variable by
the differences between the measured values of each experimental data and the values
calculated by using the empirical equation. The standard error of estimates can be
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used to estimate the extent to which future results can be expected to differ from the 
prediction made by using the equation.
The coefficient of multiple correlation gives an idea of the appropriateness of fit or the 
amount of variance in the dependent output variable computed by the regression 
equation.
The coefficient of determination represents the percentage of the total variability 
observed in the dependent output variable. The dependent output variable is capable of 
being described by the cutting process parameters included in the equations.
5.5 DISCUSSION
Empirical mathematical models can determine the level of the RMS voltage of 
acoustic emission signals, and provide useful guidelines for estimation and control of 
tool wear and failure. The effects of each cutting process parameter on the AERMS
voltage were measured and plotted in Figures 5.1 to 5.5, as discussed in the section
5.3 of this chapter. On the basis of the experimental results in Figures 5.1 to 5.5, the 
three types of empirical models were developed for fresh tools and worn tools 
respectively. Among the statistically fitted three types of empirical equations, only 
the polynomial equations which showed the highest coefficient of multiple correlation 
in tables 5.3 and 5.4, were employed to plot the predicted AERMS values in Figures
5.6 to 5.10. The predicted AERMS values in Figures 5.6 to 5.10 were arranged to 
calculate the average values of the AERMS voltage on the variations of cutting process 
parameters. Figures 5.6 to 5.10 show a similar trend between the predicted AERMS 
values and the measured AERMS values, as has been explained the trends of the 
measured AERMS values in this chapter, section 5.3.
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5.5 .1  D is c u s s io n  o f  th e  R e g r e s s io n  M o d e ls  f o r  F r e s h  T o o ls
The predicted A E m s  values in Figures 5.6 and 5.7 were calculated by using a 
polynomial equation (5.10) which neglected the flank wear land (VB).
Cutting speed (m/min)
Figure 5.6 Relationship between RMS values predicted by using a polynomial 
equation and cutting speeds.
Rake angle (deg.)
Figure 5.7 Relationship between RMS values predicted by using a polynomial 
equation and rake angles.
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The calculated A E RMS values showed similar trends for the variations of each cutting 
process parameter (cutting speed, rake angle and feed rate), as plotted in Figures 5.1 
and 5.2 and Figures 5.6 and 5.7.
The scatter graphs in Figures 5.8 to 5.10 were plotted to show the agreement 
between experimental and calculated A E RMS values. The lines of the best fit for the
plotted points were drawn by using the empirical mathematical models of the 
curvilinear, polynomial and linear regression computations, respectively. It is 
evident from these results (tables 5.3) that all empirical equations for using the sharp 
cutting edge tools are suitable and applicable because they are highly accurate. Table
5.3 which shows that the total variability explained by the regression analysis is more 
than 0.91.
Calculated RMS voltage (mV)
Figure 5.8 Comparison of the measured RMS values with the predicted RMS values 
by using a curvilinear equation for fresh tools.
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Calculated RMS voltage (mV)
Figure 5.9 Comparison of the measured RMS values with the predicted RMS values 
by using a polynomial equation for fresh tools.
Calculated RMS voltage (mV)
Figure 5.10 Comparison of the measured RMS values with the predicted RMS values
by using a linear equation for fresh tools.
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5.5.2 Discussion o f  the Regression Models fo r  the Worn Tools
Figures 5.11 to 5.13 were drawn by using a polynomial equation (5.13) which took 
into account the wear land of tool flank (VB).
Cutting speed (m/min)
Figure 5.11 Variation of RMS values predicted by using a polynomial equation 
with cutting speeds for different flank wear lands (VB).
Figures 5.11 to 5.13 present the influences of each cutting process parameter on the 
A E rms voltage, considering the tool flank wear land (VB). Similar trends of the 
predicted A E RMS value for the variations of each cutting process parameter in different 
flank wear were plotted in Figures 5.11 to 5.13, as shown in Figures 5.3 to 5.5.
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Wear land of tool flank, VB (mm)
Figure 5.12 Variation of RMS values predicted by using polynomial equation 
with flank wear lands (VB) for different rake angles.
Wear land of tool flank, VB
Figure 5.13 Variation of RMS values predicted by using a polynomial equation 
with flank wear lands (VB) for different feed rates.
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The verification of the validity of the empirical equations for worn tools (5.12), (5.13) 
and (5.14), can be determined from the coefficient of multiple correlation (more than
0.93) given in table 5.4 and the results of the A E m s  values plotted in Figures 5.14 to
5.16.
Figure 5.14 shows the measured A E m s  values against the calculated A E RMS values 
obtained by using a curvilinear equation. For estimation of the accuracy of the 
equations, a straight line has been added to indicate ideal values between the measured 
and predicted A E RMS voltages. The coefficient of multiple correlation value (more than 
0.96) and Figure 5.15 which shows a plot between the measured A E RMS values and 
the predicted A E RMS values obtained by using a polynomial equation, describe the 
variability of equation (5.13). Finally, the validity of equation (5.14) is indicated by 
the coefficient of multiple correlation (more than 0.95) and Figure 5.16 which was 
drawn by using the experimental A E m s  values and the A E RMS values predicted by
using a linear equation.
Calculated RMS voltage (mV)
Figure 5 14 Comparison of the measured RMS values with the predicted RMS value
by using a curvilinear equation for worn tools.
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Calculated RMS voltage (mV)
Figure 5.15 Comparison of the measured RMS values with the predicted RMS values 
by using a polynomial equation for worn tools.
Calculated RMS voltage (mV)
Figure 5 16 Comparison of the measured RMS values with the predicted RMS values
by using a linear equation for worn tools.
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Calculated RMS voltage (mV)
Figure 5.17 Comparison of the measured RMS values with the RMS values
predicted by using a polynomial equations for fresh and worn tools.
The values shown in Figure 5.17, include all the measured A E m s  voltages for both 
fresh and worn tools, and all the predicted A E m s  voltages for each of these by using
the polynomial equations (5.10) and (5.13). Figure 5.17 shows that the measured and 
predicted A E RMS voltages increase when worn tools are used, compared to when fresh
tools are used. The results are indicated from the respective starting points of the 
A E rms voltage for the condition of the cutting tool. Therefore, the results in Figure
5.17 show that the tool condition plays a major part in the increase of the A E RMS
voltage.
The appropriateness of all empirical mathematical models (5.9) to (5.14) has been 
shown from a reasonable correlation between the cutting process parameters, the 
experimental and theoretical investigations. The polynomial equations (5.10), which 
ignores the tool flank wear, and (5.13) which takes into consideration the flank wear, 
provide better correlation results, as shown in tables 5.3 and 5.4 and in Figures 5.8 to
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5.10 and 5.14 to 5.16. However, all mathematical equations are satisfactory and 
applicable to the automated machining control process, because the differences in 
accuracy of the developed equations are insignificant.
5.6 CONCLUSIONS
The conclusions based on the experimental results and development of empirical 
mathematical models can be summarised as follows:
1. Experimental work in this research was designed to predict the effect of the 
cutting process parameters on the AEms voltage and to find the best condition of 
the cutting tool. The AEms voltages observed have been found to correlate well 
with the variation of cutting process parameters and tool wear.
2. Statistically designed experiments that are based on factorial techniques, proved a 
powerful means for investigating the relationship between cutting process 
parameters and the AERMS voltage.
3. The experimental results indicate that the cutting process parameters have 
significant influence on the variation of the AEms level. Both the observed and 
predicted AERMS voltage have been shown to increase with the increasing cutting
speed and feed rate, and decreasing rake angle. Moreover, the greater flank wear 
land (VB) has been shown to increase the level of the AEms voltage
significantly.
4. The experimental results obtained by using fresh and worn tools were used to 
develop three empirical equations : curvilinear, polynomial; and linear equations. 
These results were also employed to find the best mathematical model for 
prediction of the AERMS voltage.
5 Comparison of coefficients of multiple correlations for curvilinear, polynomial
and linear regression equations correlating cutting process parameters to the
AErms voltage, indicated that all these equations can be used with the reasonable
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of accuracy. Among the developed three pairs of empirical equations using both 
the sharp and worn cutting edge tools respectively, the polynomial equations 
were found to be the best.
6. Based on the prediction accuracy of the AEms level, empirical mathematical 
models developed from experimental results can be used to control the cutting 
process parameters and to find the best condition of the cutting tool for improving 
the quality of metal products.
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CHAPTER SIX
SUMMARY AND RECOMMENDATIONS
6.1 SUMMARY OF THIS THESIS
The complete mathematical models for prediction of acoustic emissions in turning 
operations, have been developed to investigate the influences of the cutting process 
variables on the RMS voltage of AE signals and the condition of cutting tools. 
Development of the mathematical models has been achieved in this research by 
separate theoretical and empirical analysis. The conclusions of this research work are 
as follows :
1. Some theoretical equations, such as the equations which determine the initial 
voltage (V,.), maximum voltage (Vmax) and damping constant (k),  were
constructed to enable prediction of the AE signal function in metal cutting 
operations. These equations play an important role in the determination of the 
threshold voltage in the experiment work. (Chapter 3)
2 The mathematical models including both theoretical and empirical equations, are
necessary to investigate the interactive effects between the independent input
parameters and dependent output parameters. These models were developed to
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correlate the cutting process parameters, the condition of the cutting tool, and the 
AErms voltage. The models can be used to assist in the process optimisation for
automated cutting operations to achieve the desired cutting quality of products.
3. An analytical model has been develpoed from the quantitative relationship 
between the consumed energy rate and the AEms voltage. However, the
development of analytical models was very difficult, because of the complexity 
and somewhat unpredictable nature of the machining process. The major 
problems, such as the interrelationships of the dependent output variables (force 
and stress distributions, shear angle, seize ratio of the tool-chip contact length, 
etc) and the AE signal losses in various cutting zones, have been solved using 
empirical theory and computational work. The AEms values computed by using
the analytical model have been found to correlate well with the variations of 
cutting process parameters and tool conditions.
4. Seize ratio based on the definition of the parabolic constant in the tool-chip 
interface was determined. It plays an important role in the development of 
theoretical models for prediction of the AEms value. The experimental results
show that the seize ratio increases with the increasing cutting speed and rake 
angle. The seize ratio in the sticking zone is lower than the value of 0.5 assumed 
by K-Asibu and Domfeld.
5 The variation of cutting process parameters has a significant influence on the 
variation of AEms voltages. Both the observed and predicted AERMS voltages
have been shown to increase with the greater cutting speed, cutting force, shear 
plane angle and feed rate. However, the AEms voltages were found to decrease
with the increasing rake angle.
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6. The AErms voltages have been observed to increase significantly with the greater 
flank wear land (VB).
7. Experimental results have shown that empirical equations (curvilinear, 
polynomial and linear) can establish interactive effects between the basic cutting 
process parameters (feed rate, cutting speed, rake angle and flank wear land) and 
the AEms voltage. The polynomial equations obtained by using both the sharp
and worn cutting edge tools respectively, were found to be the best among the 
three pairs of empirical equations developed. However, the comparison of the 
coefficients of multiple correlation for the three pairs of empirical equations 
indicated that the coefficients of the three pairs of the equations are almost equal. 
Consequently, all of the equations are reasonably applicable.
8. The modelling process for development of mathematical models provided an 
efficient method for analysis of the automated metal cutting performance. 
Adaptive control using the developed models can be achieved by employing an 
appropriate computer interface for the control and monitoring of the automated 
cutting process.
6.2 RECOMM ENDATIONS FOR FUTURE RESEARCH W ORK
Recommendations for further study and experiments in associated fields are suggested 
and briefly summarised as follows :
1 The analytical models developed in chapter 4 are suitable models for prediction of 
the AEms voltage in the orthogonal cutting operation relative to the condition of
cutting tools. However, using the variations of cutting process parameters, the 
models could be extended to investigate the effects of the tool and chip fractures
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on the variation of the AEms voltage. In all, the temperature distribution in the 
cutting tool which increases the progressive tool wear can also be taken into 
account in the models. The infrared thermography and the machine vision 
sensing (image analysis) could be used for measurement of the cutting tool and 
chip temperature.
2. The empirical models developed for establishing the influence of cutting process 
parameters on the AEms value, were closely related to the realistic experimental
results. It is suggested that these equations could be developed using the 
influences of the other dependent output variables instead of the AERMS voltage.
Possibilities in development of other empirical models are the use of variations in 
spindle power, surface roughness, noise level and many other variables which 
are not included in this research. Examination of interactive effects between the 
dependent output variables mentioned above could be very useful for the control 
and analysis of the cutting process problems.
3. The modelling technique considered in this research employed the multiple 
regression analysis only. For estimating the accuracy of the developed 
mathematical models, different modelling techniques such as the group method 
of data handling (GMDH), neural network, and fuzzy logic, could be used to 
evaluate the theoretical data computed by mathematical models and experimental 
data. Combining the different modelling techniques could be more useful in the 
selection of a range of cutting process parameters for use in machining control.
4 Process modelling with the combined techniques as in 3, could more effectively 
determine a range of process parameters with which cutting operations could be 
optimised. In this way, (1) a closed-loop feedback control system could be 
established, and (2) possible errors from the variations uncontrolled in the
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machining process can be minimised . Figure 6.1 depicts the appropriate layout 
for adaptive control techniques on machine tools.
Figure 6.1 Feedback control system for adaptive control techniques on the CNC
machine tool.
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APPENDICES
Appendix A : Basic Equations for Theoretical Values
The predicted AERMS voltages with the variation of cutting process parameters were 
calculated using the fundamental equations. These were taken into consideration to be 
general among the many equations that were available.
1. Shear plane angle (0 ), shear force ( F ) and shear stress ( t  ) generated on the
shear plane can be expressed as
, -1 rcosa0 = tan ------------
1 -  r sin a
F = F  c o s 0 -F \s in 0  s c T t T
F  sin0 
ç '
T = — -----
s bt
(A-l)
(A-2)
(A-3)
2. Friction angle (0 )  and chip contact length (/) on the tool-chip interface can be 
expressed as :
B = tan"1 -  (A-4)
H N
l - m
Where, the
fsin(0 + /?~ cl) 
sin0cos^
coefficient of the chip
(A-5)
contact length, m is equal to be 2 for carbon steel.
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Appendix B : Experimental Data for Theoretical Models
Table B. 1 The Design Matrix and Measurements of Experimental Stage One 
(As used in Chapter 4)
N o . Cuttiiìg Procijss Param eters Experimental M easurements
/ y a b Vv RMS Fc F, K
mm/rev m/mim deg. mm V N N mm
1 0.15 150 -5 2.5 2.204 622 532 0.48
2 0.15 175 -5 2.5 2.250 643 579 0.46
3 0.15 200 -5 2.5 2.294 687 626 0.45
4 0.15 225 -5 2.5 2.373 750 692 0.44
5 0.15 250 -5 2.5 2.459 733 623 0.42
6 0.15 150 0 2.5 2.200 532 415 0.46
7 0.15 175 0 2.5 2.209 631 526 0.45
8 0.15 200 0 2.5 2.251 665 555 0.43
9 0.15 225 0 2.5 2.391 699 589 0.42
10 0.15 250 0 2.5 2.405 721 618 0.41
11 0.15 150 5 2.5 2.200 539 374 0.45
12 0.15 175 5 2.5 2.273 599 492 0.43
13 0.15 200 5 2.5 2.173 639 489 0.42
14 0.15 225 5 2.5 2.322 715 525 0.41
15 0.15 250 5 2.5 2.399 704 512 0.40
16 0.20 150 -5 2.5 2.208 825 732 0.60
17 0.20 175 -5 2.5 2.251 817 761 0.58
18 0.20 200 -5 2.5 2.343 1117 734 0.56
19 0.20 225 -5 2.5 2.430 1048 847 0.55
20 0.20 250 -5 2.5 2.499 1028 828 0.53
21 0.20 150 0 2.5 2.217 778 613 0.58
22 0.20 175 0 2.5 2.188 885 706 0.56
23 0.20 200 0 2.5 2.221 945 751 0.54
24 0.20 225 0 2.5 2.410 998 734 0.53
25 0.20 250 0 2.5 2.486 1020 776 0.51
26 0.20 150 5 2.5 2.180 733 623 0.56
27 0.20 175 5 2.5 2.183 867 639 0.54
28 0.20 200 5 2.5 2.385 964 816 0.52
29 0.20 225 5 2.5 2.278 937 623 0.51
30 0.20 250 5 2.5 2.378 1025 674 0.49
31 0.25 150 -5 2.5 2.211 1056 914 0.72
32 0.25 175 -5 2.5 2.213 1123 927 0.69
33 0.25 200 -5 2.5 2.240 1198 919 0.67
34 0.25 225 -5 2.5 2.378 1279 985 0.65
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35 0.25 250 -5 2.5 2.475 1285 931 0.63
36 0.25 150 0 2.5 2.135 1023 806 0.69
37 0.25 175 0 2.5 2.066 1088 848 0.67
38 0.25 200 0 2.5 2.219 1180 871 0.64
39 0.25 225 0 2.5 2.248 1202 817 0.62
40 0.25 250 0 2.5 2.447 1182 839 0.61
41 0.25 150 5 2.5 2.115 978 705 0.67
42 0.25 175 5 2.5 2.100 1001 662 0.64
43 0.25 200 5 2.5 2.102 1172 751 0.62
44 0.25 225 5 2.5 2.292 1134 681 0.60
45 0.25 250 5 2.5 2.368 1182 975 0.59
46 0.30 150 -5 2.5 2.170 1067 923 0.83
47 0.30 175 -5 2.5 2.326 1282 1033 0.80
48 0.30 200 -5 2.5 2.328 1439 1059 0.77
49 0.30 225 -5 2.5 2.413 1510 1004 0.75
50 0.30 250 -5 2.5 2.495 1336 890 0.73
51 0.30 150 0 2.5 2.116 1039 870 0.80
52 0.30 175 0 2.5 2.155 1146 955 0.77
53 0.30 200 0 2.5 2.277 1208 985 0.74
54 0.30 225 0 2.5 2.409 1407 1018 0.72
55 0.30 250 0 2.5 2.460 1487 1052 0.70
56 0.30 150 5 2.5 2.106 1001 662 0.77
57 0.30 175 5 2.5 2.106 1087 744 0.74
58 0.30 200 5 2.5 2.263 1183 715 0.72
59 0.30 225 5 2.5 2.322 1382 769 0.69
60 0.30 250 5 2.5 2.392 1281 826 0.68
61 0.35 150 -5 2.5 2.251 1531 1112 0.93
62 0.35 175 -5 2.5 2.359 1558 1045 0.90
63 0.35 200 -5 2.5 2.396 1623 1067 0.87
64 0.35 225 -5 2.5 2.330 1770 1073 0.84
65 0.35 250 -5 2.5 2.474 1838 1047 0.82
66 0.35 150 0 2.5 2.101 1458 1218 0.90
67 0.35 175 0 2.5 2.222 1496 1160 0.86
68 0.35 200 0 2.5 2.315 1612 1171 0.84
69 0.35 225 0 2.5 2.346 1670 1123 0.81
70 0.35 250 0 2.5 2.442 1755 1136 0.79
71 0.35 150 5 2.5 2.210 1409 932 0.87
72 0.35 175 5 2.5 2.223 1469 890 0.83
73 0.35 200 5 2.5 2.193 1578 862 0.81
74 0.35 225 5 2.5 2.328 1404 743 0.78
75 0.35 250 5 2.5 2.372 1633 792 0.76
76 0.40 150 -5 2.5 2.186 1703 1219 1.04
77 0.40 175 -5 2.5 2.147 1664 1027 1.00
78 0.40 200 -5 2.5 2.282 1830 1145 0.96
79 0.40 225 -5 2.5 2.423 2000 1148 0.93
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80 0.40 250 -5 2.5 2.483 2063 1123 0.91
81 0.40 150 0 2.5 2.210 1458 1218 1.00
82 0.40 175 0 2.5 2.264 1776 1277 0.96
83 0.40 200 0 2.5 2.254 1820 1252 0.93
84 0.40 225 0 2.5 2.389 1879 1212 0.90
85 0.40 250 0 2.5 2.360 1946 1204 0.88
86 0.40 150 5 2.5 2.051 1543 993 0.96
87 0.40 175 5 2.5 2.148 1594 904 0.93
88 0.40 200 5 2.5 2.185 1777 943 0.89
89 0.40 225 5 2.5 2.315 1763 844 0.87
90 0.40 250 5 2.5 2.322 1831 836 0.85
91 0.45 150 -5 2.5 2.128 1627 1259 1.13
92 0.45 175 -5 2.5 2.348 1969 1352 1.09
93 0.45 200 -5 2.5 2.359 1931 1192 1.06
94 0.45 225 -5 2.5 2.443 2257 1202 1.02
95 0.45 250 -5 2.5 2.580 2377 1319 1.00
96 0.45 150 0 2.5 2.146 1554 1246 1.09
97 0.45 175 0 2.5 2.242 1893 1238 1.05
98 0.45 200 0 2.5 2.382 1834 1227 1.02
99 0.45 225 0 2.5 2.260 2000 1204 0.99
100 0.45 250 0 2.5 2.503 2157 1384 0.96
101 0.45 150 5 2.5 2.173 1585 950 1.05
102 0.45 175 5 2.5 2.212 1934 1056 1.01
103 0.45 200 5 2.5 2.274 1731 877 0.98
104 0.45 225 5 2.5 2.334 2001 915 0.95
105 0.45 250 5 2.5 2.453 1780 830 0.93
Table B.2 The Design Matrix and Measurements of Experimental Stage Two 
(As used in Chapter 4)
N o C utting Process Param eters Experimenital Me£isuremeints
/ y a b VR M S Fc F, K
mm/rev m/mim deg. mm m m V N N mm
1 0.15 1 50 - 5 2.5 0.000 2.204 622 532 0.48
2 0.15 200 - 5 2.5 0.000 2.294 687 626 0.45
3 0.15 250 - 5 2.5 0.000 2.459 733 623 0.42
4 0.30 1 50 - 5 2.5 0.000 2.170 1067 923 0.83
5 0.30 200 - 5 2.5 0.000 2.328 1439 1509 0.77
6 0.30 250 - 5 2.5 0.000 2.495 1336 890 0.73
7 0.45 1 50 - 5 2.5 0.000 2.128 1627 1 259 1.13
8 0.45 200 - 5 2.5 0.000 2.359 1931 1 192 1.06
9 0.45 250 - 5 2.5 0.000 2.580 2377 1319 1.00
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10 0.15 1 50 - 5 2.5 0.289 2.454 824 553 0.48
11 0.15 200 - 5 2.5 0.289 2.495 924 623 0.45
12 0.15 250 - 5 2.5 0.289 2.681 886 579 0.42
13 0.30 1 50 - 5 2.5 0.289 2.345 1514 905 0.83
14 0.30 200 - 5 2.5 0.289 2.377 1584 814 0.77
lb 0.30 250 - 5 2.5 0.289 2.715 1549 792 0.73
16 0.45 1 50 - 5 2.5 0.289 2.489 2228 1204 1.13
17 0.45 200 - 5 2.5 0.289 2.539 2131 1131 1.06
18 0.45 250 - 5 2.5 0.289 2.647 2055 1075 1.00
19 0.15 1 50 - 5 2.5 0.493 2.540 893 651 0.48
20 0.15 200 - 5 2.5 0.493 2.608 1148 837 0.45
21 0.15 250 - 5 2.5 0.493 2.834 1083 795 0.42
22 0.30 1 50 - 5 2.5 0.493 2.495 1330 957 0.83
23 0.30 200 - 5 2.5 0.493 2.707 141 1 959 0.77
24 0.30 250 - 5 2.5 0.493 2.826 1439 782 0.73
25 0.45 1 50 - 5 2.5 0.493 2.627 2271 1340 1.13
26 0.45 200 - 5 2.5 0.493 2.688 2194 1279 1.06
27 0.45 250 - 5 2.5 0.493 2.869 1967 831 1.00
28 0.15 1 50 - 5 2.5 0.687 2.712 1126 776 0.48
29 0.15 200 - 5 2.5 0.687 2.895 1336 890 0.45
30 0.15 250 - 5 2.5 0.687 3.095 1247 818 0.42
31 0.30 1 50 - 5 2.5 0.687 2.643 1387 872 0.83
32 0.30 200 - 5 2.5 0.687 2.830 1510 904 0.77
33 0.30 250 - 5 2.5 0.687 2.973 1583 832 0.73
34 0.45 1 50 - 5 2.5 0.687 2.659 2306 1257 1.13
35 0.45 200 - 5 2.5 0.687 2.857 2057 1 304 1.06
36 0.45 250 - 5 2.5 0.687 3.157 1 963 871 1.00
37 0.15 1 50 5 2.5 0.000 2.200 539 374 0.45
38 0.15 200 5 2.5 0.000 2.173 639 489 0.42
39 0.15 250 5 2.5 0.000 2.399 704 512 0.40
40 0.30 1 50 5 2.5 0.000 2.106 1001 662 0.77
41 0.30 200 5 2.5 0.000 2.263 1183 715 0.72
42 0.30 250 5 2.5 0.000 2.392 1281 826 0.68
43 0.45 1 50 5 2.5 0.000 2.173 1585 950 1.05
44 0.45 200 5 2.5 0.000 2.274 1731 877 0.98
45 0.45 250 5 2.5 0.000 2.453 1780 830 0.93
46 0.15 1 50 5 2.5 0.289 2.387 704 599 0.45
47 0.15 200 5 2.5 0.289 2.464 823 614 0.42
48 0.15 250 5 2.5 0.289 2.641 817 577 0.40
49 0.30 1 50 5 2.5 0.289 2.330 1425 965 0.77
50 0.30 200 5 2.5 0.289 2.374 1503 877 0.72
51 0.30 250 5 2.5 0.289 2.596 1421 838 0.68
52 0.45 1 50 5 2.5 0.289 2.471 2069 1 203 1 .05
53 0.45 200 5 2.5 0.289 2.504 1903 1 1 97 0.98
54 0.45 250 5 2.5 0.289 2.579 1838 1 047 0.93
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55 0.15 1 50 5 2.5 0.493 2.440 873 648 0.45
56 0.15 200 5 2.5 0.493 2.597 959 754 0.42
5 7 0.15 250 5 2.5 0.493 2.753 1039 870 0.40
58 0.30 1 50 5 2.5 0.493 2.402 1230 852 0.77
59 0.30 200 5 2.5 0.493 2.505 1365 952 0.72
60 0.30 250 5 2.5 0.493 2.795 1423 914 0.68
61 0.45 1 50 5 2.5 0.493 2.535 2078 1 197 1.05
62 0.45 200 5 2.5 0.493 2.612 1995 1096 0.98
63 0.45 250 5 2.5 0.493 2.822 1812 790 0.93
64 0.15 1 50 5 2.5 0.687 2.673 101 1 755 0.45
65 0.15 200 5 2.5 0.687 2.803 1285 826 0.42
66 0.15 250 5 2.5 0.687 2.941 1092 704 0.40
67 0.30 150 5 2.5 0.687 2.596 1364 933 0.77
68 0.30 200 5 2.5 0.687 2.792 1372 881 0.72
69 0.30 250 5 2.5 0.687 2.996 1486 987 0.68
70 0.45 1 50 5 2.5 0.687 2.728 2150 1 426 1.05
71 0.45 200 5 2.5 0.687 2.847 1907 1 379 0.98
72 0.45 250 5 2.5 0.687 3.01 1 1853 943 0.93
Appendix C : Experimental Data for Empirical Models
Table C. 1 Cutting Process Parameters and Limits for Sharp Cutting Edge Tools 
(As used in Chapter 5)
Items Ranges
Input Variables Units Low Middle High
Feed rate ( / ) mm/rev 0.15 0.30 0.45
Rake angle ( a ) degree -5 0 +5
Cutting speed ( V ) m/min 150 175 200 225 250
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Table C.2 Cutting Process Parameters and Limits for Worn Cutting Edge Tools 
(As used in Chapter 5)
Items Ranges
Input Variables Units Low Intermediate High
Feed rate ( / ) mm/rev 0.15 0.30 0.45
Cutting speed ( V ) m/min 150 200 250
Flank wear land ( ) mm 0.289 0.493 0.687
Rake angle (a ) degree -5 +5
Table C.3 Factorial Design and Measurements of Experiments for Sharp Tools 
(As used in Chapter 5)
N um ber Cutting Process Param eters M easurem ents
of tria l Feed rate Cutting speed Rake angle a e r m s  voltages
1 0.15 150 - 5 2.204
2 0.15 1 75 - 5 2.250
3 0.15 200 - 5 2.294
4 0.15 225 - 5 2.373
5 0.15 250 - 5 2.459
6 0.15 1 50 0 2.200
7 0.15 1 75 0 2.209
8 0.15 200 0 2.251
9 0.15 225 0 2.391
10 0.15 250 0 2.405
11 0.15 150 5 2.200
12 0.15 1 75 5 2.273
13 0.15 200 5 2.173
14 0.15 225 5 2.322
15 0.15 250 5 2.399
16 0.30 150 - 5 2.170
17 0.30 175 - 5 2.326
18 0.30 200 - 5 2.328
19 0.30 225 - 5 2.413
20 0.30 250 - 5 2.495
21 0.30 150 0 2.116
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22 0.30 175 0 2.155
23 0.30 200 0 2.277
24 0.30 225 0 2.409
25 0.30 250 0 2.460
26 0.30 150 5 2.106
27 0.30 175 5 2.106
28 0.30 200 5 2.263
29 0.30 225 5 2.322
30 0.30 250 5 2.392
31 0.45 150 - 5 2.128
32 0.45 1 75 - 5 2.348
33 0.45 200 - 5 2.359
34 0.45 225 - 5 2.443
35 0.45 250 - 5 2.580
36 0.45 150 0 2.146
37 0.45 175 0 2.242
38 0.45 200 0 2.382
39 0.45 225 0 2.260
40 0.45 250 0 2.503
41 0.45 150 5 2.173
42 0.45 1 75 5 2.212
43 0.45 200 5 2.274
44 0.45 225 5 2.334
45 0.45 250 5 2.453
Table C.4 Factorial Design and Measurements of Experiments for Worn Tools 
(As used in Chapter 5)
N o . C utting Process Param eters M easurem ents
Feed rate Cutting speed Wear land Rake angle Æ rms voltages
1 0.15 150 0.289 - 5 2.454
2 0.15 200 0.289 - 5 2.495
3 0.15 250 0.289 - 5 2.681
4 0.30 150 0.289 - 5 2.345
5 0.30 200 0.289 - 5 2.377
6 0.30 250 0.289 - 5 2.715
7 0.45 1 50 0.289 - 5 2.489
8 0.45 200 0.289 - 5 2.539
9 0.45 250 0.289 - 5 2.647
10 0.15 150 0.493 - 5 2.540
11 0.15 200 0.493 - 5 2.608
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12 0.15 250 0.493 - 5 2.834
13 0.30 150 0.493 - 5 2.495
14 0.30 200 0.493 - 5 2.707
15 0.30 250 0.493 - 5 2.826
16 0.45 1 50 0.493 - 5 2.627
17 0.45 200 0.493 - 5 2.688
18 0.45 250 0.493 - 5 2.869
19 0.15 150 0.687 - 5 2.712
20 0.15 200 0.687 - 5 2.895
21 0.15 250 0.687 - 5 3.095
22 0.30 150 0.687 - 5 2.643
23 0.30 200 0.687 - 5 2.830
24 0.30 250 0.687 - 5 2.973
25 0.45 150 0.687 - 5 2.659
26 0.45 200 0.687 - 5 2.857
27 0.45 250 0.687 - 5 3.157
28 0.15 1 50 0.289 5 2.387
29 0.15 200 0.289 5 2.464
30 0.15 250 0.289 5 2.641
31 0.30 150 0.289 5 2.330
32 0.30 200 0.289 5 2.374
33 0.30 250 0.289 5 2.596
34 0.45 1 50 0.289 5 2.471
35 0.45 200 0.289 5 2.504
36 0.45 250 0.289 5 2.579
37 0.15 150 0.493 5 2.440
38 0.15 200 0.493 5 2.597
39 0.15 250 0.493 5 2.753
40 0.30 150 0.493 5 2.402
41 0.30 200 0.493 5 2.505
42 0.30 250 0.493 5 2.795
43 0.45 150 0.493 5 2.535
44 0.45 200 0.493 5 2.612
45 0.45 250 0.493 5 2.822
46 0.15 150 0.687 5 2.673
47 0.15 200 0.687 5 2.803
48 0.15 250 0.687 5 2.941
49 0.30 150 0.687 5 2.596
50 0.30 200 0.687 5 2.792
51 0.30 250 0.687 5 2.996
52 0.45 1 50 0.687 5 2.728
53 0.45 200 0.687 5 2.847
54 0.45 250 0.687 5 3.01 1
